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i.  s^uicr 

Killer  Helicopters  received  Contract  J/onr  2199(00)  fro*  the  Office  of 
Naval  Research  to  conduct  theoretical  and  preliminary  design  studies  of 
the  application  of  ducted  propellers  ns  direct  lift  devices  for  a  spec¬ 
ialised  wight-lifting  vehicle.  Work  on  this  contract  was  begun  on  15 
October  19$o,  to  be  completed  one  year  fro*  that  date.  After  several 
months  of  investigation,  it  was  determined  that  to  refine  Ihiaa  AUdica 
would  be  unjustified  and  possibly  misleading,  in  light  of  the  gross  as¬ 
sumptions  necessary  concerning  the  forces  and  moments  produced  by  a 
ducted  propeller.  For  this  reason  the  original  program  was  concluded 
1  June  19  >7. 

Tho  aircraft  design  requirements  used  for  the  Weight  Lifter  study  wore 
specified  as  follows: 

a.  Vertical  take-off  and  landing  capability  at  a  sea-level  standard 
day. 

b.  Ability  to  hover  at  a  sea-level  standard  day  with  satisfactory 
control. 

c.  Installed  horsepower  20jC  greater  than  that  ncc ossary  to  hover,  to 
allow  for  power  noeded  to  climb. 

d.  Povcrplant  and  propeller  specifications  as  expected  by  1962. 

e.  A  minimum  forward  cruise  speed  of  SO  to  70  knots. 

f.  A  range  of  aircraft  sizes  to  carry  from  7  to  16  tons  payload. 

A  survey  of  previous  studies  indicated  that  ducted  propellers  are  con¬ 
sidered  to  be  a  quite  satisfactory  means  of  powering  a  vertical  tako-off 
weight-lifter  type  aircraft,  as  their  static  thrust  is  considerably 
higher  than  for  unshrouded  propellers,  thereby  reducing  the  required 
horsepower.  Also,  the  Weight  Lifter  uses  conventional  components  and 
construction  methods  wherever  possible,  which  contributes  to  lower  cost 
and  increased  reliability.  An  example  of  this  is  the  use  of  conventional 
variable  pitch  propellers. 

As  no  mission  was  specified,  all  calculations  were  made  on  the  basis  of 
the  hovering  requirement,  and  the  maximum  forward  flight  speed  of  150 
knots  was  the  result  of  the  horsepower  installed  to  hover  at  an  opti¬ 
mized  disk  loading.  The  lack  of  theoretical  or  empirical  data  for  ducted 
propellers  in  forward  flight  has  necessitated  the  use  of  calculations 
based  on  momentum  theory  to  determine  the  performance  of  the  aircraft  in 
this  study. 
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This  study  began  with  an  analysis  of  five  basic  configurations,  described 
briefly  below  and  shown  In  Figures  1  through  5. 

a.  Two  ducted  propellers,  each  mounted  at  Ut©  tip  of  a  straight  wing 
of  a  conventional  transport  type  aircrafr.. 

b.  Two  ducted  propellers  mounted  on  the  fuselage  between  two  w  Ir^s, 
similar  to  a  canard  design. 

c.  Three  ducted  propellors  built  Into  a  delta  flying  wing. 

d.  Two  ducted  propellers  mounted  on  tho  fusolago,  replacing  wings  of 
a  conventional  transport  type  aircraft. 

e.  Four  ducted  propellers  counted  on  a  fuselage,  replacing  wings  and 
tail  surfacos. 

As  always,  the  cost  of  an  aircraft  Is  directly  associated  with  its  weight; 
therefore,  a  weight  criterion  for  choosing  a  conf iguration  in  the  pre¬ 
liminary  design  stage  is  nocossary.  In  this  study,  an  adaptation  of  the 
Rp  Graphical  Hothod  of  Reference  10  is  used,  translating  ail  weight  values 
to  a  ratio  of  fuel  wolght  to  ?'ross  woight,  Rp,  for  direct  comparison. 

The  four  basic  parameters  of  this  study  are  gross  weight,  number  of  ducts, 
payload,  and  disk  loading. 

For  the  conventional  components  and  equipment  of  the  aircraft,  suitable 
weight  equations  were  adopted  from  previous  studios.  If  existing  equa¬ 
tions  did  not  apply,  an  adjustment  was  made  by  actually  designing  tho 
unconventional  component  and  developing  a  new  weight  equation  to  suit 
the  provisional  design, 

Tho  Weight  Liftor  preliminary  design  was  determined  as  a  result  of  an 
analysis  of  the  five  configurations  listed  above  and  a  subsequent  opti¬ 
misation  of  various  parameters  for  the  selected  conf  iguration.  Ihe  op¬ 
timization  was  based  on  a  criterion  of  maximum  payload  ton-mile  per 
pound  gross  weight.  The  cor  figuration  that  emerged  as  best  is  shown  in 
the  Frontispiece. 

As  the  study  progressed,  it  became  apparent  that  internal  cargo  stowage 
would  be  more  satisfactory  than  external  loading.  It  is  now  believed 
that  the  weight  penalty  for  a  large  furselage  would  not  be  as  severe  as 
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from  weather  and  the  stron 


debris  during  take-off  and  landing.  Also,  the  flight  speeds  and  ranges 
possible  with  the  final  configuration  are  largely  dependent  upon  a  clean 
design. 
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The  ducted  propellers  arc  poeitlon&d  horizontally  to  provide  direct  lift 
for  hovering  and  vertical  flight,  and  my  be  lilted  forward  55  decrees 
to  provide  forward  propulsion  as  veil.  The  counter- rotating  propellers 
are  powered  through  extension  drive  shafts  by  several  Interconnected 
turboshaft  engines  mounted  on  the  top  of  ihe  fuselage.  Jhly  turboshaft 
powerplar.ts  have  been  considered  in  this  study,  due  to  thoir  high  horse¬ 
power-  t^- weight  ratio.  While  no  specific  engine  make  has  been  assumed, 
ropresentativo  weights  and  performance  values  have  been  used. 


The  residual  thrust  of  the  turbosbaft  engines  is  ducted  through  the 
fuselage  boon  to  a  thrust-diverting  nozzle  at  the  aft  of  the  aircraft, 
and  provides  the  pitch  and  yaw  control  forces  in  hovering  and  low-speed 
flight.  The  tell  surfaces  furnish  pitch  and  yaw  control  in  forward 
flight,  and  the  residual  thrust  is  then  utillzod  to  supplement  the  for¬ 
ward  propulsive  forco  of  tho  tilted  ducted  propellors.  Roll  control  is 
auppliod  by  differential  thrust  of  tho  ducted  propellers,  both  in  hover¬ 
ing  and  forward  flight. 


The  Weight  Lifter  design  has  been  optimized  at  various  overall  sizes  to 
accur.odato  tho  spec  iflod  range  of  pay  load,  as  shown  In  tho  following 
table.  Optimum  disk  loading  was  found  to  bo  1>0  pounds  per  square  foot 
for  nil  values  of  gross  weight. 


Payload 
Gross  Weight 
Power  Roquired 
Ducted  Propeller  DU. 
Rango 

Max.  Velocity 


7  tons 
60,a00  lb 
16,^00  HP 
16  ft 
160  n.ni. 
150  knots 


16  tons 
135,000  lb 
d0,800  HP 
*.'6.7  ft 
135  n.ni. 
150  knots 


The  threo-view  drawing  3en  in  Figure  19  is  of  a  representative  aircraft, 
designed  to  accomodate  an  average  payload  of  11  tons. 


A  lack  of  certain  theoretical  and  experimental  information  on  ducted 
propellers  has  necessitated  gross  assumptions  in  the  calculations  in¬ 
volved  in  this  analysis.  In  order  to  refine  this  study^  a  follow-on 
ducted  propeller  wind  tunnel  test  program  has  been  suggested  by  this 
contractor. 
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2.  imxucTu; 

Hiller  Helicopters  received  Contract  .\‘o nr  <199(GC)  from  the  Office  of 
Hoval  Research  to  conduct  theoretical  and  preliminary  design  studies  of 
the  application  of  Uuct«4  propellers  as  direct  lift  devices  for  a  spec¬ 
ialised  weight  1  if  lint*  vehicle.  Work  on  this  contract  vas  begun  on  15 
Jctober  1956,  to  be  completed  one  year  from  that  dale.  After  several 
months  of  Investigation,  it  was  detetr.ired  that  to  refine  these  studies 
would  be  unjustified  and  possibly  misleading,  in  li^ht  of  the  gross  as¬ 
sumptions  nocosson  concerning  the  forces  and  moments  produced  by  a 
ducted  propel  lor.  For  this  reason,  the  original  program  was  concluded 
on  1  June  195^. 

This  study  has  consisted  of  Lionel  leal  and  analytical  investigations 
of  several  possible  Weight  Lifter  configuration*.  The  configurations 
which  appeared  most  satisfactory  were  selected  for  further  dosigr,  studies 
to  optialro  the  physical,  performance,  and  control  characteristics.  This 
report  reviews  the  investigations  and  design  philosophies  which  led  to 
the  final  configuration  selection,  and  susnarlsoa  the  results  of  the  study 
program.  Performance  figures  are  presented  for  both  tho  ducted  propeller 
and  tho  complete  aircraft.  Weights  and  important  details  of  the  struc¬ 
tural  dosign  are  also  included. 

The  aircraft  design  requirements  usea  for  tho  Weight  Lifter  study  wore 
specified  as  follows: 

a.  Vortical  tako-off  and  landing  capability  at  a  sea-ievel  standard 
day. 

b.  Ability  to  hover  at  a  sea-levci  standard  day  with  satisfactory 
control. 

c.  Installed  horsepower  20t  greater  than  that  necessary  to  hover,  to 
allow  for  power  needed  to  climb. 

d.  Powerplant  and  propeller  specifications  as  expected  by  1962. 

e.  A  minimum  forward  cruise  speed  of  50  to  70  knots. 

f.  A  range  of  aircraft  sizes  to  carry  from  7  to  16  tons  payload. 

As  the  study  progressed,  it  became  apparent  that  internal  cargo  stowage 
would  be  more  satisfactory  than  external  loading.  This  is  due  in  some 
measure  to  the  strong  downwash  associated  with  the  high  disk  loadings 
called  for  in  this  study.  Also,  the  flight  speeds  and  ranges  possible 
with  the  final  configuration  are  largely  dependent  upon  a  clean  design. 
Provision  may  be  made,  however,  for  emergency  external  loading  of  very 
bulky  articles  which  need  to  be  moved  only  short  distances  at  low  speeds, 
and  for  such  occasions  when  cargo  must  be  loaded  or  unloaded  without 
landing. 
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It  ia  r.ov  believed  that  the  weight  anally  for  a  Large  fuselage  would 
not  be  aa  severe  as  anticipated.  fr.ls  conclusion  was  reached  .after  CQar 
slderloi  thuv  a^eciai  cargoes  vainer?  w<^i4  he  asM«a n  to  irotect 
5W  °-  V-vTe?  Qf  raj*£0  f£0?*  weather  and  ths  dowjiwash 

and  its  acconpanv lng  flying  debris  during  take-off _and  _landlr.£.  This  ia 
e3peCia*»4  true  of  troops  and  assembled  equipment  containing  glass,  light 
metals,  or  fabric.  A  separate  cargo  container  of  this  typ«  would  not 
contribute  to  the  load-bearing  structure  of  the  aircraft*  therefore,  the 
total  effective  weight  of  the  cargo  container  ar.d  airframe  my  well  be 
as  great  as  that  of  the  Internally  loaded  aircraft. 

Only  turboshaft  poworplants  have  beer,  considered  in  this  study  due  to 
their  high  horsopower-to-weight  mlic.  Vhllo  no  specific  turboshaft 
engines  have  been  assumed,  representative  weights  and  performance  values 
have  been  usod. 

The  location  of  the  engines  h?> s  a  great  deal  lo  do  with  the  wolght  and 
the  configuration  of  the  airframe;  therefore,  the  safety  aircraft  per* 
for-uincc,  control,  and  reliability  of  various  engine  locations  havo  been 
considered  in  determining  the  optimum  Weight  Lifter. 
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3.  ArHt  iACH  TO  TH5  P-tdBLSt 

j.l  Ducted  Frop*oller  Characteristic: 


7 V.e  basic  design  problem  of  this  study  was  ti  u  investigation  of  a  sys¬ 
tem  of  citic t*?U  propellers  counted  aaout  a  cargo  currying  fuselage.  A 

survey  of  previous  studies  (References  i,  ,  and  3)  has  indicated  that 

ducted  propeller#  ?»r*  considered  to  be  a  puite  satisfactory  means  of 

powering  a  vortical  take  off  weight  lifur  type  aircraft.  The  United 
test  data  available  on  ducted  propellers  indicate  that  their  statl* 
thru  at  la  considerably  higher  than  for  unshrouded  propeller#,  thereby 
rcducLng,  *  ■*  i  p  -u-r  re  r-i  *  .«r^  i  y*  -r  ^-p**  ..r 

craft  offer  another  advantage  In  that  they  utilise  components  which  have 
beer,  previously  developed  under  extensive  fixod  via*;  aircraft  develop¬ 
ment  rro.’ror.s .  and  therefore  display  p:Ut  ivel  v  lov  f ■  ight  no-r  cost  r er 
pound  gross  weight  Reference  I). 


The  lack  of  theoretical  or  empirical  data  for  inclined  ducted  propcilon 
in  fo;var£JXljii  hlui  U.g  use  of  calculations  based  on 

noranlua  theory  to  determine  the  performance  o'  the  aircraft  lr.  Luis 
study,  -uc tod  propeller  pitching  rumen  ts  were  o:  La 1  ne  a  i :> rgo I f ro r. 
the  Hiller  Fly Lug  Platform  truck  torts  funer.ee  a )■ 


3.2  Work  Statement 


The  basic  designs  investigated  in  this  study  .are  briefly  described  as 
follows 

a.  Two  ducted  propellers,  each  mounted  at  the  tip  of  a  straight  wing 
of  a  conventional  transport  type  aircraft. 

b.  Two  ducted  propellers  mounted  on  the  fuselage  between  two  wings; 
similar  to  a  canard  design. 

c.  Three  ducted  propellers  built  into  a  delta  fly  in,;  win*’. 

a.  Two  ducted  propellers  mounted  on  the  fuselage,  replacing  wings  of 

a  conventional  transport  type  aircraft. 

o.  Four  ducted  propellers  mounted  on  a  fuselage,  replacing  wings  and 
tail  surfaces. 

Plan  view  and  side  view  drawings  of  these  configurations  are  shown  in 
Figures  1  through  5. 

Preliminary  design  studies  have  been  carried  out  to  the  extent  that 
both  hovering  and  forward  flight  characteristics  of  each  configuration 
were  calculated.  The  following  major  design  areas  were  investigated; 
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a.  optimum  ;  rojfcilBio.n  sysic* 

..  Type  and  local  tor.  tf  poincrj'iama 
..  Ma<c  lending  c f  iuv  *ed  ;:c;#  l.»r 

b.  Toi.nl  paver  rv  .  i  rei 

•  r. 

*  •  M»«  V 

.  Iroruls.cr 
3.  Control  force  •» 

c .  Control  morner.  t 3  r»*  r  .  i  :  «•  u 

.  Hovering 
.  Forv  rxi  f  1 . 

i.  J  „<?  3  i  g.n  f  roco  a  -  re 


As  no  cereal  or  irar.-j  orui :  a;.  .‘Mus.'n  w;  a'ec.fre;  for  the  Welg.M  Llfi*r 
study,  the  basic  dos  i  gn  pa  rar#.*  u-  rj  were  es’.nbl  is.nca  a:  out  Revering  ton- 
di  lions  with  f.ll  pay.  cad  at  a  son  >v<* .  s  laniard  any  for  n  range  nf  disk 
loadings.  Th*  horsepower  re r.  1 reri  to  never  a*  those  conditions  vac  in 
creased  by  .OX  to  provide  for  rower  to  cl  in:  .  The  gr o:is  weight  n.nd 
ho  roe  rower  re  : .  i  red  per  pour.::  of  rayl'au  were  "a. cut  a  led  ana  n  genera! 
corf l  gi;  rail  on  determined  for  th  five  Weight  Lifter  designs  through  a 
range  of  disk  1  oa  i : r.g 3 .  ns  v..s*.js**d  in  o<  t:*n  3...  beiew.  At  this 
point,  three  of  these  designs  were  el  Inina  led  from  further  investigation 
by  a  preliminary  analysis  ar.a  comparison  of  gross  weights,  comp. ex i ty , 
a.nc  general  appl  i cab 1 1 1 ty  to  the  Vet, 'hi  Lifter  typo  of  service.  Only 
those  configurations  shoving  the  nest  rrorise  were  investigated  further. 


The  horsepower  required  for  hovering  plus  climb  was  then  used  to  compute 
the  maximum  forward  velocity  of  the  ai  re  raff,  in  level  fiigh'.  This  pro¬ 
cedure  resulted  in  defining  two  cist.nct  type*  of  aircraft  one,  a  very 
efficient  hovering  machine  with  a  ow  uisk  leading  iow  speed,  capable 
of  only  short  range,  and  somewhat  .  igntor  than  tire  other  type,  which  is 
an  aircraft  requiring  greater  horsepower  to  hover  but  has  greatly  in¬ 
creased  speed  and  range  capabilities.  An  ope  rations  research  analysis 
(Reference  1)  indicated  that  the  higher  speed  longer  range  design  will 
perform  the  .anticipated  Weight  Lifter  missions  much  more  satisfactorily 
than  the  low  speed  short  range  design  if  the  weight  increase  accompany¬ 
ing  the  increased  performance  is  not  too  great.  For  this  reason  further 
design  studies  were  performed  only  for  the  higher  speed  aircraft,  for 
which  a  break-even  point  was  established  between  hovering  efficiency  and 
range  to  determine  the  optimum  aircraft  for  general  service  Stability 
and  control  values  were  then  determined  for  the  configuration  designated 
by  the  performance  optimization  studies. 
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J.t.  h?  rf  ermine  o  Julc-aU*  w<vs 
i.w.i  Hovering 

Th«  lh#or«i ica  1  expresai on  for  ihc  thrua*.  to  power  rati  roouirmd  f 
hovering  car.  i*c  exprcaaoj  hi 


where  M  is  deflrx  d  as  &  figure  f  -»•  r 1 1  or  hover. ng  efficiency  of  the 
propeller.  It  should  :>c  noted  UvV.  the  propeller  efficiency  aus  defined 
by  the  preceding  ejuatlcn  orig.na  ly  refer  to  .in  -enshrouded  propeller 
for  which  the  ideal  theoretical  va.»o  is  M  1.  For  convenience ,  the 
sare  definition  .s  also  ^ou  for  the  r.ro.uvd  propeller.  In  this  case^ 
however ,  the  ideal  the  Orel  lea  1  va.ue  becomes  M  'T"  which  explains  the 
r*i ri'.hi-u  surprising  fact  that  the  act. a,  rm a s-.reu  e f f icj, e no i es  an-  .arger 
than  unity.  If  '  Is  the  transmission  efficiency  the  horsepower  re 
quired  to  hover  th^n  becomes 


havering  55GM 


ht;  It 


A  survey  >f  the  available  tall  *  thrust  data  f~r  ducted  propellers  was 
conducted  in  order  to  '“bum  a  realistic  value  of  figure  of  r.erit  for  a 
ducted  propeller  of  the  type  anticipated  for  the  Weight  Lifter.  Ai 
stated  in  Reference  5  the  maxima  figure  of  merit  of  the  ducted  propel¬ 
lers  tested  by  Kruger  Reference  r>)  was  approximate. y  l.:$.  It  should 
be  noted,  however,  that  this  pr'-pei  ier  shroud  combination  was  designed 
for  an  advance  ratio  of  0.95.  It  may  be  expected  that  higher  figures 
of  merit  can  be  obtained  by  using  a  duct  form  which  favors  the  lew  speed 
range,  possibly  one  which  incorporates  duct  inlet  f.aps  Rcferen  cs  3 
and  6).  The  uata  of  Reference  7  tenc:  to  substantiate  this  assumption 
by  indicating  a  figure  of  merit  of  i.1)  for  a  "short-cr  use*’  shroud. 

Other  tost  data  analyzed  in  Reference  5  also  indicate  a  similar  range  of 
values  for  figure  of  merit. 

From  this  survey  it  was  assumed  l ha t  a  counterrotating  ducted  propeller 
of  a  design  suitable  for  a  ’Weight  Lifter  type  aircraft  could  produce  a 
figure  of  merit,  including  transmission  losses,  of 

Mn  ..2d* 


( *Note  In  the  interim  between  the  survey  of  the  figure  of  merit  des 
cribed  above  and  the  publication  of  this  report,  further  studies,  in¬ 
cluding  a  conference  with  the  NAOA  (Reference  8),  indicate  that  the  max 
imum  value  of  figure  of  merit  for  counterrotating  ducted  propellers  may 


be  of  the  order  of 
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As  li'.v  aired  rvlai io.nship  between  the  f ip-.ro  or  *»  r it  and  the  ho ro#pcvtr 
re  _ i rx;ti  to  h^vor  la  the  a«ic  f  r  «»*:".  of  the  eT.fi^ rations  investigated 
it  m*ay  be  seor.  that  altering  the  fig-re  /f  a^r i '  vo-M  not  afreet  the 
selection  or  the  basic  weight  .  iftcr  conf ig-rat ion.  A  revision  or  the 
rej  .-resent  a  live  optimum  Weight  Lifter  ( :  1  pure  19  or.  the  baa t a  of  the 
lover  flgurt  or  rau.-ii  rosu.toi  in  an  increase  or  .01  In  the  horsepower 
rv ; -a  1  red  to  hover,  from  the  cv-ations  or  Section  i>  this  rosuils  in  a 
corresponding  increase  or  app  roxmate  ly  .i  in  the  gross  weight  of  the 
aircraft.  Assuming  that  the  increased  weight  of  the  power;  lama  ana  jv 
la  ted  components  is  co.Me rat* tc :  ny  r-  i-r  t ng  the  fuel  and  fuel  tan/, 
weight  t j  maintain  the  orig * 1  *ross  weight  the  range  or  the  aircraf 
will  decrease  a: ;  roxlmatoiy  i .  From  this  umirail  v:.  it  my  be  seen 
that  tr  tr.e  1  over  f  1/  .?■'  o:’  v;  r  1 1  wore  s  it  would  net  greatly  a  f  fee 1 
the  character!  ’  ics  of  the  Weight  L.ft'T.  ) 

The  horsepower  re : . ;  r-d  ir.  havering  wan  a . :  a  tea  for  a  range  of  air* 


raft 
yi.-:rv  b 
DV  0  (  t 

3.... 


r 

0*/J 


a  I .  v 


r  . 


ad.ng,  and  i.'ttei  a;  a  carp*'  r:rajh 


weight  ana  : : ;  r 

The  horsepower  i\  • . . red  to  hover  for  case  was  increase  : 


Tlcient  rover  u  c.imb. 


•*  Q  V  |  *  *  *  fl  * 


The  performance  calcuiat :  r.t  for  level  f.ight  have  been  based  .pen  crua 
lions  derived  from  none  n  t .  jr.  theory.  This  method  neglected  :  empress  lb  i  lily 
of  fee  Li  and  Interference  effe'ls  between  due '  ed  propel  .ers  m  c.^se  pr*x 
.mi  tv  to  one  an  thor. 


Three  methods  of  obtaining  a  component  f  thrust  to  provide  forward  pro 
pulsion  to  the  aircraft  were  investigates  Method  1  consists  cf  tilling 
the  d-ctcd  propellers  forward  the  forward  component  of  the  thrust  vec¬ 
tor  provides  all  of  the  propulsive  force.  Method  ailews  the  ducts  to 
tilt  forward  only  enough  to  overcome  their  own  momentum  drag,  additional 
propulsive  force  comes  from  pusher  ;  ropclaers  Method  4  has  the  ducted 
propellers  remain  fixed  in  the  hovering  position  ail  propulsive  force 
is  supplied  by  pusher  propellers 

As  the  study  progressed,  the  use  of  lifting  surfaces  in  addition  to  the 
ducted  propeller  were  found  not  to  be  practical  and  Method  1,  propulsion 
only  from  the  tilted  ducts,  resolved  itself  into  a  force  system  depictec 
by  the  vector  diagram  shown  in  Figure  .  For  this  method  the  thrust 
vector  must  provide  all  lifting  force  and  propulsive  force  components. 

From  the  vector  diagram  ana  momentum  theory, 

?  p  o  ~  o  ?  p 

T  (D  D.  sin  a)  *  (W_  f  b.  cos  a)  mV  *  m  V  -  ;m  V  V  sin  a 
ei  Gi  o  e  oe 
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This  ©qua  Li  an  can  be  reduced  to 


■'*  (1  -  o.sc.  f  -  t*  -  ec„  ■  •  o.;st„? 


■1 


by  introducing  the  nondlaenfilonnl  coefficients 


V 

e 

c  *  T 

o 


and 


V./A 
j  e 


The  coefficient  1  co.-rcspo.nus  to  the  lift  coefficient  of  conventional 
lifting  surfaces.  The  above  equation  remits  the  calculation  of  the 
duct  exit  to  free  rtream  velocity  ratio,  i,  as  a  function  of  disx  load¬ 
ing,  free  stream  velocity,  external  and  internal  drag. 

:r or.  momentum  theory 


(powor)idMi 


If  rt  and  ru  arc  the  propulsive  and  transmission  efficiency  respectively, 
horsepower  required  for  level  flight  becomes 


(HP) 


LF 


n 


(  Vo  \ 


This  equation  can  be  expressed  similarly  to  that  for  hovering  by  the  in¬ 
troduction  of  a  nondimensional  value,  x,  which  represents  a  figure  of 
merit  for  forward  flight.  Horsepower  required  for  level  flight  then  be¬ 
comes 


(hp)IF  ■ 


where  ,  c 

>f2(f)  - 

x  =  - -* - 

e  (e  -  1) 
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A  carpet  plot  of  HF  rojui red  for  level  flight  ixt  shown  for  Ho  thou  1  as 
a  function  of  ala*  loading  ana  forward  velocity  In  rdgur#  6.  Kor  this 

st.*dy,  *%r  has  been  assured  to  be  0.3‘J. 

V  1 

TV.c  second  ‘i;  U.04  of  providing  forward  propulsi  or.  described  above  had  a 
i  Ini  Ur  derivation  ad  shown  for  Method  1  ana  jroduces  the  expreis  lor. 


The  horsepower  re  ruirvd  for  the  ;  usher  ;  rope  Her  id 
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(HP)._ 


Vo 
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The  forward  tilt  angle  necessary  ^or  tho  ducted  propeller  to  overcono  its 
own  momentum  drag  la  giver.  by  the  expression 


tan  c  ■  | 


It  ray  be  seen  that  the  second  ne thod  has  no  advantage  over  the  first,  as 
the  rearward  vector  of  the  momentum  change  through  the  ducted  propellers 
contributes  the  greatest  portion  of  the  aircraft  draff.  The  ducts  would 
have  to  be  tilted  forward  very  nearly  the  sane  amount  to  overcome  the 
duct  momentum  drag  as  for  the  total  aircraft  drag.  The  calculations 
comparing  the  two  methods  show  nearly  identical  values  for  horsepower 
required,  and  the  extra  weight  and  complexity  of  the  powerplant  and  drive 
system  for  the  pusher  propellers  would  be  a  disadvantage  when  com]>aring 
me thods. 

The  third  method  proposed,  which  would  provide  all  forward  propulsion  by 
pusher  propellers,  yields  the  expression 
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The  horsepower  rv  ^irvu  for  the  ducted  propci  lor  is  expressed  by 


V  V 
j  o 


The  horsepower  required  Tor  the  pusher  propeller  is 
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..r  /,  v 
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The  total  horsepower  re-puiroa  was  calculated  for  this  method  using  the 
sane  values  as  those  used  for  Xothods  1  ana  2  described  above.  A  carpet 
graph  of  total  horsepower  required  was  plotted  as  a  function  of  disk  load 
ir.g  ana  forward  speed  in  ?1  gure  9. 

A  cor.pa.-i s or.  between  Method  i,  which  tiits  the  ducts  for  forward  propul¬ 
sion,  and  He  mod  3,  which  uses  only  pusher  propellers  for  forward  pro¬ 
pulsion,  shows  the  great  advantage  of  lilting  tno  ducted  propellers  for 
forward  flight.  At  tnc  higher  dink  loadings  and  higher  speeds,  the  fixed 
ducts  and  pusher  propeller  cord i nation  requires  SO i  to  50jC  noro  horse¬ 
power  than  the  Lilting  duut  design. 


An  investigation  of  ducted  propeller  shroud  profile  shapes  ana  chord 
lengths  ’.Reference  6)  Indicated  that  a  short-chord,  thin  airfoil  section 
shroud  was  the  most  efficient  for  forward  flight,  For  hovering  con¬ 
ditions,  a  large  radius  or  bell-nouth  inlet  is  the  most  efficient.  Re¬ 
cent  tests  (Reference  9)  show  that  the  effects  of  duct  inlet  configura¬ 
tion  on  performance  at  high  forward  speeds  are  less  critical  at  high  disk 
loadings,  From  these  considerations,  ar.  average  thickness  profile  shape 
was  assumed  for  the  purposes  of  this  study.  Such  a  auct  could  be  supple¬ 
mented  in  hovering  with  Inlet  flaps  or  a  pneumatic  leading,  edge.  The 
data  of  Reference  6  indicated  little  change  in  performance  for  shroud 
chords  as  short  as  18^  of  the  propeller  diameter.  For  this  study,  a 
chord  length  of  0.16D  was  used  for  calculating  aircraft  performance  and 
duct  weights. 

Evaluation  of  test  data  and  preliminary  numerical  studies  indicate  that 
values  of  duct  internal  drag  coefficient,  C,  ,  of  approximately  0.080  to 

i 

to  0.095  must  be  expected.  The  calculations  of  this  study  have  been 
based  upon 
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Duo  to  liio  lac/,  of  data  or.  the  ary  of  ducted  propellers  ft i  ft.ylca  or  at 
uck.  ti.o  flat  plate  area  dry  of  the  due is  in  tiw  hovering  position  mm 
used  au  ft  •  fjer/g ‘  Ivo  approximation  of  external  tr%£  for  "an  performance 


CftlC^.fttl  Q!i3. 

supports,  ana 
small  part  or' 
slight  changes 

v p  ■  li-t  * 

c 


To  til  is  V  ft  1  wo  was  added  *1.0  drag  Of  tic  fuselage,  duets 
ifti .  sec  lien*.  The  add 1 1 1 Oja i  drag  was  found  to  b**  such  a 
llVil  estimated  Tor  the  d.cls  that  i*  was  not  cs.angej  with. 

in  :i  1  re r> r t  Cu'.rifiin'  lor..  The  external  iinf;  coeff  icien' 
taken  as 
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lot  ft!  'lint  area  o.*’  ii..<  :  .c  iwd  *rore!iors, 
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The  Hili or  Hcl  icui  lor;!  Hr  grain  Lea.  me  thod  o:'  jararoiric 
ft.-,  opt  imu.m  a  iron  ft  pw!  in  nary  dvs :  g:  Roforor.co  10  was 
to  determine  the  optimum  n«:.ghi  iiftor  cor.fi  gurntior.  based 


analysis  for 
original !y  urea 
-nor.  hovering 


cor.c  L 

1 1  or.s . 

T:  is  method 
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vcigr. 

l  to  r* 
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dynamic  and 

weight  c'juati 

ons 

nos  the  "cat  ties ig:s"  as  the  minimum  gross 
'  -.Is;: i or. .  As  :.o  mis:  i or;  was  specified  for 
.  m  ••>  s  W"  p:  ..  cd  .% a  *.!.••  paramo  lers  for 

jm.m  a  t  re  raft.  Tr.o  rat  to  of  fuel  weight  to 
!a  used  is  the  basic  1  i mk  through  which  aero 
•ip  solved  s  imul  taneously  by  a  graphical 


Intersection  method.  Plots  of  *his  graphical  solution  are  shown  in  Fig¬ 
ures  10  ana  11.  Examination  of  these  curves  reveals  the  optimum  points 
at  relatively  lew  aisk  loadings.  Those  u is k  loadings  ana  gross  weights 
produce  rather  low  speeds  and  short  ranges,  as  ae  to  mined  from  the  carpe’ 
plots  of  horsepower  required  for  forward  flight  .-inures  6  ar.d  9). 


As  a  result  of  the  previously  mentioned  operations  research  investigations 
and  the  lack  of  a  specified  mission  radius  of  action,  a  criterion  based 
on  tons  of  payload,  flight  distance,  and  gross  weight  was  established  as 


ton-n.mi 

lb 


max. 


To  accomplish  this  optimization,  the  flight  distance  (range)  to  gross 
weight  ratio,  RA/„,  was  plotted  as  a  function  of  time  of  flight  for  a 
range  of  payloadsuand  disk  loadings  from  the  R7  vs  gross  weight  curves. 
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Tho  raxUauft  ran^c  to  {"ross  weight  ratio  was  determined  Tor  oacr  disk 
loading  and  payload,  The  grosz  eights  corresponding  10  U; c  naxirum 
H,V,  ratios  were  plotted  in  carpet  !*orn  as  a  function  of  disk  loading 
and^payload,  as  shown  in  •  i^u re  1..  rron  this  plot,  the  disk  loading 
corresponding  to  the  lowest  *.'rocs  weight  for  any  payload  car  ae  deter¬ 
mined.  ?or  a  fc’iven  payload,  this  Pis*  loading  is  then  the  design  point 
which  provides  the  lowest  gross  weight  corresponding  to  a  mxisur.  ra.vc 
to  tiross  weight  ratio. 

The  optl-.vn  disx  loading  and  gross  weight  values  were  t hen  .sod  to  de¬ 
le  mine  the  configuration  dimensions  an  ?*Tfo franco. 
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...  Z5SIV.I  STJlllS 
.  I  Co.nf i  g  j  rat  l  on  !.nv« a i i g  r> n om 

Ti.v  flrai  eonf  igumll  •  :iiu4>  was  ■..•idcrlA/.cn  Tor  a  laaign  w.u r*.  r.o^r.u-  i 
twu  ducted  ;  roj«- 1  1 *  r.i ,  one  a  1  cacn  wmgtip,  on  a  rath«r  convent  i ota ! 
transport  ly ,*«’  airer  »ft,  as  snown  in  Figure  .. 


The  horsepower  re  •  -  i red  for  hove ring  was  ca.c  .latcd  *3  disc -.sued  in  S«* 
lion  a. *4  :  lotted  in  carpel  for?*.  as  a  function  of  gross  Might  ana 

disk  loading  (Figure  0).  th  is  graph  la  a: p  1  icab  le  10  all  eor.f igu rations 
IT  ll  ic  as  suited  lha  1  vary  ir.g  the  number  of  ducts  necessary  10  achieve 
a  {•Ivor.  1014 1  uls*  area  uc»s  not  affect  the  oven  11  figure  of  m?  r  1 1  or 
the  transmission  efficiency  of  that  lota;  alaX  area. 


The  invostigat ion  conduct oa  10  determine  win,;  si£e,  weight,  a.n4  perfor* 
.nance  indie  a  lea  that  any  wing  of  rvhi  >nat  i»-  sc ,  even  ojuiysped  w.ih 
high  lift  devices,  would  begin  to  support  tne  mjor  ;  or  lien  of  the  air¬ 
craft  volant  only  when  speeds  are  reached  which  cor.;  rise  th«>  upper  ex 
trer.lty  of  a  3; cod  spectrum  compatible  with  a  Weight  Lifter  type  opera 
lion.  The  use  f  a  wing  or.  a  Weight  L.ficr,  then,  presents  a  paradox. 

The  addition  of  a  win**  to  the  aircraft  increases  the  gross  weight  and 
consc  juently ,  the  horsepower  re  "sired  to  hover,  once  the  aircraft  has 
accelerated  to  a  velocity  where  the  wir.,;s  are  capable  of  supporting  the 
full  load,  '.he  additional  horse: ow«-r  installed  to  hover  is  then  available 
to  continue  accelerating  to  a  r...cr.  higher  veiocity.  The  winged  config¬ 
uration  thu.  lends  itself  to  the  assault  transport  type  aircraft  with 
its  higher  speeds  ana  Ion**  ranges,  rather  than  to  a  Weight  Lifter  where 
hovering  ana  low  speed  forward  flight  constitutes  a  la  rge  par’  of  the 
total  fl  i,;ht  tine. 

Another  winded  design  was  investigated  ir  which  two  ducted  propellers 
were  noun  ted  on  ithor  side  of  the  fuse  La, ;e  between  two  winds'  in  a  canard 
configuration,  as  shown  in  Figure  ..  The  result  of  this  study  wa3  les3 
satisfactory  than  for  the  win^ tip-noun  ted  ducted  propellers  described 
above,  <as  the  two  smaller  wlng3  would  re  mire  a  larger  total  area  than 
the  single  wing  to  produce  the  sane  lift.  This  design  has  an  additional 
disadvantage,  inherent  in  canard  configurations,  in  that  the  rear  wing 
is  in  the  influence  of  the  front  win,;,  isven  more  significant  in  this 
case  would  be  the  effect  of  the  inlet  and  exit  flows  of  the  ducted  pro¬ 
pellers  on  the  wings,  as  well  as  the  effect  of  the  front  wing  on  the 
duct  inlet  conditions. 


A  delta  shaped  flying  wing  with  three  ducted  propellers  imbedded  in  the 
wing,  as  shown  in  Figure  3,  was  analyzed  and  found  rather  poorly  suited 
for  Weight  Lifter  operations.  Lower  lift  coefficients  can  be  expected 
from  this  shape  wing,*  therefore,  larger  areas  or  even  higher  speeds 
would  be  necessary  to  support  the  aircraft  weight.  The  ducted  propeller 
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tnlfci  conditions  tfOuid  i>c  led  i  >  *•  t'-r  j.o or,  i  *•-  lu  i.*.«  fu:t  i.hu t 

ihcji^ct  inlet  loculi  on  or.  the  i»  r  s^rfhcv  of  u.v  wo  ..id  be  in  u 
low  pressure  rvjji  n  vt.er.  tv  vir.g  v.43  j rod-.- lift  u 4 ring  forward  flight. 

Tie  flACd  4uC  13  or  li:  i  3  .fU'..  j:.  I A  V  l.V  44J.ll  .*.  of  J.U-.hef 

j  ro; « .  i « rs  lu  provide  forward  :  rop -.a.o:..  A~  stated  ;  r  Ylov-sly ,  fli^a 
due loi  j  rope  lie ns  in  cor.J ^nc  1 1  or.  «i u.  j  ..her  j  ro;.« » .*• «  jvvlre  10 
~(>i  **. j.-e  horsejewr  t.han  tilting  4 -etc 4  jrojc.Iers  at  tv  surj*-  4/.*. 
loading  an  4  forward  flight  ;  ced .  A  v«*i  aht  v.i.vsi-,  indicated  that  ’i,t> 
jell a  wing  w  j  .  1 4  •*•  a  r.^e.v  .*.*.» v i**r  air^saf*  inn*  i.v  ot.vr  coj.f.g-rat  1  "?.£ 
l.WUll/UcJ,  ')ic:u,e  cf  l*;.-  .  1  ;y<;  Win.*  !■<  :»•  i^ir-  ta  iblaii;  a  s-f 

f;c  lent  c?»rf|u  v  0 1  a:  .  ..*'*••  ir  a,  i.  I  ;  :  v."  a  .d«*  J  weight  of 
the  rusher  :  rojcl  !-r  ; v .  te.**., 

A  cor.ri,:  .ration  was  .:.v<::t  ..*at«  ;  *  -a*.  .  •»■  .  of  tw  i  jruje. .«•;•) 

ms  4Ued  or.  a  .  •.!.•<•,  .»•<■:. 'iem  tv  .  0:'  a  i-m.,;  :t  tv;*:  aircraft 

:a'c  **..•..,**<•  . ).  r..u  :.ct*-j  :  *.•.!«•  .*•„  .*  a  •  rov.  d<*  sot;-.  *i.«* 

. .  ft  tn  •  v. .  •  ro;  v*  :»r  <  Tv  ;  r  *>  •..•■r  *»»...  . a  vert :  *al 

^  *  1  r\#  ■  *•  1  ♦  •  •  #  , .  V  *>•♦  ,#•••*  *•  •  •  (  «*a  ^  *  **  •  *v  *  a  •  »  •  1  • 

O.J  ,  W  *  •  •  »  •  •  f  •*»  .  .  |  .  4.  ,  >  .  .  W  „  ’  I  •  •  •  '  I  •  •••■  *k  .  w.  •  * 

:*orwa  ro  10  :  rov  io*1  a  ti.r.vt  :u-.;  o:.**n  *  r  :*or«ari  l,;hi  ti.c  .  avr 
i  ::4  in  a  <ntal  rD^.n^r.  ;*or  fl*.  '•on.  :i  1;  . 

c; ov.<  r  rvo.ir’*.*  :*  r  .  ^-.*>whai  for  t ur;.r l,vra • 

lion,  •**a.:’e  i.*,**  *r04.;  «*.**•.•  1  ..  :>  j  .*••• :  ■  y  arvo.r.l  c;‘  li.**  variOci 

wl:  v.-:  ?.i.  a:  :  .  :.<r  •  ro:>- .  .*  r  ...  ,  *<t,  .  I’  !*u  .:.4  ti.at  tv  norv* 

rover  r*-  .!:*•■ :  for  •.•‘•rttcai  la*"  vav  a.ro  :  .iTir;«*:,t  lo  ;rovia<*  a 
r^aevna*  1«j  forvar.  C.  './r  1  .va.*  r,  v<* . o  .  :  rov*; 4  "o  be  a  fl.nctlor. 

of  *  i  t?  i.‘ yk  loa  iir.,'  r.vo  1  v<*4 

Ti.c  Tina’,  confl  •  .ration  invent. -at**':  '’or  t.vln  ::i;ciy  v.a:;  a  ir.cor* 

f  or.alir.,:  :Var  aucricu*  :ro:eii»r:i  a::  nhoi.n  in  ri/ore  v.  Tv,  is  cion  1  f;:i  a  I  no 
rc4  ;i  r*n;  t i  1  Lin,*  t.'.c  civtou  :  ro;-*.* » i<  rv  lo  :  rov  1  :c  forvaru  :  rop-slsion  .an 
wet’,  .as  lie  .  'tin'  force,  while  the  fuse ia,:o  rr -uainj  horizontal.  The 
front  a:v>:  r*  ar  sets  of  ti*;ct»ni  :  :  0;  •  I  i>*rs  won’  as  sun?  i  to  have  the  sa.*ao 
d irons ions. 


The  weight  of  this  confi,;..raticn  was  nalcuiatet  ana  founa  to  be  sliL*htl;. 
higher  than  the  two-ouct  no  win,*  aosien.  This  was  cue  to  tiie  creator 
ouct  circ's.’nference  necessary  to  encompass  the  reiuired  disk  area,  the 
reunnaancy  of  the  propeller  drive  systems  ana  tiltinp  mechanism,  ana  the 
increased  fuselage  structure  necessary  to  support  the  four  oucted  pro¬ 
pellers  . 

The  four-duct  design  has  the  auvantape  of  not  requiring  reaction  controls 
('or  hovering,  nor  control  surfaces  during  forward  flight  All  control 
moments  are  generated  by  differential  control  of  the  four  ducted  propel¬ 
lers. 
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....  i -mparia  /  f  Cm-.fi  ;»rati 

The  m?-'. id  of  U;c  pro!lAl/.ar>  analyses  or  ’..'.c  five  bar.r  9t.f:g.,ratJ  .'vi 
vcp;  evaluated  I?t  an  effort  tv  c.  iml.Vvl*-  1/  Gee  dod  lghd  W  */.  .Vi  Vo  Very 
little  |Olc!l*  Tor  L'.o  Vo  !  »'*.  I  Idfle.*'  u*  j,l  lectio*. . 
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A  more  ccUi lud  weight  breakdown,  a.,  shown  , :.  Sect:  n  of  this  report, 
wan  sui'SO :  vent! y  cor.cucteci  for  the  no-win,;  configurations.  This  weight 
breakdown  definitely  «*st.v  1  ished  ti.e  four  d.c*  design  an  tm*  heavier 
a  i  re  ra  f  t . 


The  curves  of  the  fuel  available  to  gross  weight  ratio.  Hr.  ^ shown  in 
Figures  .  through  S,  indicate  that  the  two  uuct  no-win,;  design  can 
carry  the  largest  fuel  supply  for  the  disk  loadings  anci  p-ay  loads  In¬ 
vestigated.  The  larger  fuel  supply  ;  rovides  this  design  with  the  great¬ 
est  range  to  gross  weight  ratio,  which  in  turn  is  necessary  to  obtain 
the  maximum  value  for  the  payload  ton- mile  per  pound  gross  weight  cri¬ 
terion  discussed  in  Section  3 .d.3* 

Ihe  mutual  interference  b<  tween  uact^d  propellers  located  in  the  vicinity 
of  one  another  is  a  condition  for  which  no  method  of  evaluation  is  avail¬ 
able.  It  is  believed^  however;  that  interference  between  the  front  and 
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rearjttifd  auc t«4  j ruj* *  1*  rs  of  the  fo-ar-duct  a*a igr<  is  jiossibU  _tn 
forward  flight.  This  interference  wo„la  require  additional  fw«r  to 
re;  1  nc*3  an}'  a oss  of  effectiveness  incurred. 

The  invesilgat ions  conduc tea  to  determine  hr.  opii*.*  Weight  Lifter  con¬ 
figuration  Indicate  that  the  two  ducted  ;  rujellcr,  r.o-wing  dfcsigr.  is  the 
nost  satisfactory  lealgr.  solution. 


...3  further  -ealgn  of  Tvo--uct 


Con  f.f'ura  lion 


Vi th  the  selection  of  the  two-duct,  no-wing 
Kilt* hi  Lifter,  further  design  studios  were 
lion  only.  Those  studios  wore  jerfomed  to 
functions  of  the  aircraft  with  regard  to  pe 
util  it>  ,  and  sir.;  lie  ity 

...  3. 1  rower:  lantLocatlon 


configuration  as  the  optimum 
carried  on  for  this  configurt- 
optlr.Uc  the  individual 
rforaance,  gross  weight, 


For  V.  1  $  s t .dy  the  only  powerplar.t  considered  satisfactory'  to  urivo  the 
ducted  prorellors  was  the  ge.aroc  gas  tumir.e.  This  orpine  has  a  very 
high  thrust  tJ  weight  ratio  and  a  rapid  I;  Lap  roving  specific  fuel  con¬ 
sumption.  The  specific  fuel  cons ’ur.pt ion  assumed  in  this  study  was  0.  $5 
lb,KP-hr,  which  has  beer,  predicted  for  an  engine  available  in  1962  (Ref¬ 
erences  2  and  5,  •  J*o  srccific  online  r.ako  was  used;  rather,  average 
values  from  all  engines  in  the  horsopsver  range  anticipated  wore  detcr- 
nLned  and  used  for  the  evaluations. 


Two  locations  were  available  for  installing  the  ermines  of  the  two-duct 
no-wing  configuration.  The  alternatives  were  to  mount  the  engines  in 
the  conterbody  of  the  ducts,  or  to  install  the  engines  in  the  fuselage. 

The  duct-mounted  engines  have  the  obvious  advantage  of  direct  drive 
through  the  gear  boxes  to  the  propellers,  eliminating  long  drive  shafts 
and  angular  drives  with  their  complexity  and  heavy  weights.  Duct-mounted 
engines  are  located  so  that  the  engine  weight  counteracts  a  portion  of 
the  lift  from  the  ducted  propellers,  thus  reducing  the  duct  supporting 
structure  weight.  The  residual  thrust  from  the  engine  is  always  dir¬ 
ected  so  that  it  supplements  the  propeller  thrust. 

The  duct-mounted  engines  also  have  certain  disadvantages.  The  lengths 
of  the  shaft  turbine  engines  applicable  for  this  aircraft  are  in  the  10 
to  12  foot  range,  and  the  addition  of  a  contrarotation  gear  box  further 
lengthens  the  unit.  Also,  preliminary  theoretical  investigations  being 
conducted  by  this  contractor  indicate  that  the  best  location  of  the  j)ro~ 
pellers  in  a  duct  is  very  near  the  duct  exit;  thus  it  is  difficult  to 
install  the  engines  in  the  duct  centerbody  and  maintain  clearance  with 
the  ground.  A  small  ground  clearance  would  not  appear  satisfactory  be¬ 
cause  of  the  effects  of  the  force  and  heat  of  the  jet  blast  impinging 
directly  on  either  prepared  or  unprepared  surfaces. 


! 
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Ii  id  ncceaasry  lo  lilt  th ©  ducted  propellers  about  a  point  on  the  duct 
in  order  to  proven i  the  tilting  of  the  4«.ct  from  shifting  the  thrust  vec¬ 
tor  to  such  an  extent  that  an  unsatisfactory  r.omsnl  is  created  by  the 
missl IgrjwoMl  of  the  thrust  vector  wit*  the  aircraft  center  of  gravity, 
as  shown  in  section  l..  .  The  center  of  mass  of  th©  ermines  must  then 
bo  raised  through  the  arc  of  m©  duct  tilt  a.ngi©  from  Its  position  be¬ 
low  the  ducts  in  hovering  to  a  position  aft  of  the  <t.cts  for  forward 
flight.  This  center  of  mass  located  aft  of  the  duct  tilling  pivot  cor¬ 
responds  to  a  duct  pitch-up  r.oncr.t,  and  thus  adds  to  the  aerodynamic 
duct  pilch -up  moment  present  in  forward  flight.  The  re  fore,  additiona; 
structural  weight  is  necessary  to  withstand  the  r.ORrnl  imposed  upon  Uw 
duct  tilling  jlvot  when  the  ducted  prop*  ilers  arc  tilted  for  forward 
fl  ifc'M. 

The  ducted  propeller  efficiency  vo^ld  be  lowered  soncvhai  by  the  presence 
of  the  i  a  Ti*  e  coai<hrbody  contain  in*:  Ww  power^Unto  in  the  ducted  propel¬ 
ler  slipstroar..  This  condition  is  similar  to  the  effoct  of  a  nacelle 
placed  behind  an  ur.shroudeu  propeller  [ References  11  and  Iv  /.  Tho  pres¬ 
ence  of  a  large  center:  ody  ir,  the  duct  reduces  the  effective  duct  area, 
and  in  ordor  to  provide  the  required  ?ass  flow  through  the  duct,  tho 
duct  uiaraoior  must  then  no  increased  to  account  for  tho  loss  in  area  due 
to  the  centerbody.  Even  a  small  ir.croaso  in  duct  diameter  requires  a 
significant  l.ncreaso  in  gross  weight  due  to  the  increase  in  duct  circum¬ 
ference,  propeller  diameter,  ar.d  gear  box  sizes. 

Tho  necessity  for  some  decree  of  safety  in  the  event  of  ar.  engine  failure 
dictates  a  multi-engine  requirement,  in  order  that  some  power  be  avail¬ 
able  to  effect  an  emergency  landing.  Although  two  or  more  ermines  could 
bo  grouped  together  in  the  ccntcrbody  of  each  duct,  the  penalty  for  fail¬ 
ure  of  a  single  engine  would  bo  equivalent  to  the  loss  of  two  enginos,  as 
power  must  be  reduced  or,  the  opposite  side  of  the  aircraft  to  maintain  a 
level  attitude. 

The  location  of  the  powerplar.ts  in  the  ducts  nearly  precludes  any  use 
of  residual  thrust  or  compressor  bleed  air  for  pitching  moment  reaction 
control  purposes  during  hovering  flight.  A  turbojet  engine  would  be  re¬ 
quired  to  provide  the  necessary  pilch  control  forces. 

Fuselage-mounted  poworplants  have  the  advantage  of  a  fixed  position,  with 
resultant  lighter  mounting  weights  ana  reduction  of  vibration  problems. 
Installing  the  engines  in  the  fuselage  allows  the  duct  centerbody  to  re- 
main  small,  thereby  reducing  the  duct  centerbody  losses  and  increasing 
the  effective  duct  area. 

Grouping  the  engines  in  the  fuselage  parallel  to  the  longitudinal  axis 
provides  a  situation  where  the  residual  jet  flow  of  the  several  engines 
may  be  ducted  together  to  the  aft  of  the  aircraft  to  provide  additional 
thrust  for  forward  flight  and  forces  for  reaction  controls  daring  hover- 
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in*?.  9)*  intereonr.ccting  t 1;«j  ^svorai  c.^i/vos  neceaa-ary  10  provide  the 

r*r. *ine4  horsepower,  failure  of  or*  <&ngin«  does  not  require  a  further 
reduction  in  power  to  maintain  stability. 

A  serious  problem  confronting  turbine  erg  lr.©5  operating  fro*  unprepared 
surfaces  is  U.«  ingestion  of  foreign  objects  into  the  online  inlet.  In¬ 
stalling  the  engines  and  the  ermine  inlet  duct  at  the  top  of  the  fuselage 
places  the  engine  intake  m  the  area  most  protected  fron  objects  thrown 
into  the  air  by  the  ducted  propeller  slipstream. 

The  greatest  difficulties  encountered  fron  use  of  the  fusela^e-nounted 
engines  stem  fron  the  long  drive  shafts  and  extra  gear  boxes  necessary 
t  transr.it  the  power  to  the  propellers. 

Fror.  the  preceding  analysis  of  poverpiant  local ‘o:  with  regard  to  the 
Weight  lifter  spec  if  ications ,  the  f-  elng® -noun led  engines  vw re  selocted 
as  the  nos t  satisfactory  cor, pro.**. Iso  of  the  factors  involved.  A  preliai- 
nary  weight  analysis  of  the  required  drive  shafting  indicated  a  weight 
e^ual  to  app  roxi.nately  two  percent  of  the  aircraft  gross  weight  see  Sec¬ 
tion  5}.  It  nay  be  assumed  that  Lhe  effect  of  this  weight  would  be 
counteracted  by  the  increased  efficiency  of  tho  ducted  propel  lor  a  as  a 
result  of  a  snail  conlcrbody  and  the  lighter  ducted  propeller  assembly 
possible  through  the  reduction  in  ulnae  tor. 

*..3.2  Residual  Thrust  Util  lint!  on 


The  residual  thrust  fron  the  shaft  turbine  powcrplants  was  cor.puted  as 
ar.  average  of  several  rakes  of  onlines  in  tho  horsepower  range  contcn- 
platod,  ana  was  found  to  average  0.2o  lb  of  thrust  per  shaft  horsepower 
(References  3  and  13).  As  this  thrust  amounts  to  severa^  thousand 
pounds,  a  study  was  undertaken  to  determine  how  this  force  might  best  be 
utilised  to  improve  the  aircraft's  flight  performance. 

Assuming  fuselage-mounted  engines,  the  result  of  the  study  produced  a 
system  of  ducting  the  rosiaual  jet  flow  of  the  several  engines  into  a 
common  ’ailpipe  which  extends  to  the  aft  of  the  aircraft.  The  tailpipe 
nozzle  would  act  as  a  thrust  divertor,  and  allow  the  thrust  to  act  in  a 
longitudinal  direction  for  supplementing  forward  flight  propulsion,  or 
divert  the  thrust  vector  to  produce  control  moments  during  hovering 
flight.  This  nozzle  system  may  be  visualized  as  a  modification  of  the 
reaction  control  nozzle  designed  for  the  Hiller  X-lti  tiltwing  aircraft 
(Reference  lb).  Incomplete  tests  of  the  X-18  deflection  nozzle  indicate 
ducting  and  turning  losses  of  approximately  seven  percent.  For  this 
study,  ten  percent  reaction  control  losses  were  assumed. 

Sample  calculations  of  the  control  moments  required  for  hovering  (see 
Section  6)  indicate  that  sufficient  residual  thrust  is  available  at  the 
reaction  control  nozzle  to  provide  pitch  and  yaw  control  as  well  as  a 
balancing  force  to  counteract  the  moment  produced  by  the  maximum  allow- 
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able  Virus t  vector  and  aircraft  center  of  gravity  misalignment.  Approx- 
Utauly  one  -  u.  i  rd  of  the  residual  thrust  car,  be  utilised  Tor  the  purpose 
of  balancing  any  newent  induced  by  ducted  propeller  thrust.  By  a  judi¬ 
cious  location  of  the  aircraft  center  of  gravity,  the  residual  balancing 
thrust  can  be  r.ost  often  used  as  a  lifting  force  during  hovering.  This 
hovering  control  system  is  considered  ;^;le  efficient,  as  it  utilises  a 
by-product  residual  thrust,  as  its  source  of  power,  and  offers  multi- 
engine  re  liability  as  well.  The  alternate  control  systems  often  pro- 
josed  for  VTOL  aircraft  call  for  the  addition  of  a  turbojet  engine  or 
the  use  of  turbine  compressor  air  bleed,  with  th#lr  respective  disad¬ 
vantages  . 

Residual  thrust  acting  parallel  to  the  .ongitudlnal  axis  in  forward 
flight  supplements  the  propulsive  force  of  the  ducted  propeller;  the 
resulting  increase  ir.  forward  velocity  .s  ui to  significant,  as  nay  be 
seer,  by  comparing  Figures  c  are  l 5.  As  an  additional  advantage,  the 
residual  thrust  produces  a  r.osc-dowr.  or  stabilising  pitching  moment  Isco 
Se  t  ion  o...). 

...j.i  vtlir.lslr.g  ~i.sk  Loaclng 

Tr.e  horsepower  to  gross  weight  ratio  required  for  forward  flight  was  re¬ 
calculated ,  utilising  the  effect  of  tr.e  shaft  turbine  residual  thrust. 

The  residual  thrust  was  taker,  into  account  as  a  force  acting  opposite  to 
the  external  drag  force.  Tr.e  momentum  oruatior.  usod  to  determine  the 
ducted  propeller  exit  to  inlet  velocity  ratio,  c  ,  was  modified  to  in¬ 
clude  the  residual  thr-st,  T  .  as 


'  N  ^  / 

1  -  0.5C^  -  e  -  e  fc 


o.„5  ic 


Jc  A  7  do/2 

Q  0 


0  Vo0/*/ 


As  Tj  =  0.26  HP  required,  the  above  equation  reduces  to 


0.903su  -  ec  -  e 


^CD  -  0.0129  1  fT^j  =  I  ♦  0.25  ^CE  -  0.0129  YjvT  ^ 


Curves  of  e  and  t  as  a  function  of  l  are  shown  in  Figures  13  and  11;,  res¬ 
pectively,  from  which  the  horsepower  required  for  forward  flight  was  cal¬ 
culated  and  plotted  in  Figure  15.  Utilizing  the  residual  thrust,  the 
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..':rr<  i.-u  *wai*.ux  •.c.ociiy  varied  fror.  1  a  to  ..a  x*.oi,a  Ter  dink  „e*d 
lngs  of  >  tv>  CO  pc-rua  ;cr  s  -ire  Toot,  au  c«i  bo  ace*,  in  ?igurc  lo. 

:  i *..**.  j*.  ,i:.»  .op* ];*.*•  was  y-.cn  del**  rained  for  ifefe  Weight  Lifter,  c®- 
.  it- r;-l  i~».  Cr.r^a*  i  .ta  :  nc  r^aac  :.*.  flight  aj-cc4 

Tie  ;  .  t  f  gr  »aa  wvig.M  .o  a  f-nci io*»  of  4Lan  1 svii l.*:g  and  payload  ja 
shown  .*  r«-  1  ,  ff«  which  t».c  ojur^uA  disk  loading  ray  be  found  it 

ih#-  - .r. .;r"aa  w*>igi.i  for  «*acn  jaylond.  It  wia  fOiJwJ  that  US  oj.il* 
.•*.-"  .  .u*  .ca  t:.c4  it  i  const  »:.l  val..«  of 


t.'.rj .gho.i  rang*  of  i#»yloaJi  .hv«*;tligaU«d»  Inasmuch  »s  IW  horn* • 

:  r  !*■•  for  a;r',ra,,t  u*a  i«  tcrr.lno  j  fror.  u.<>  hovsring  co.n- 

:  *  *  •»:  :  •*  ;  *  .n  .n  : .  >*  Id..*.,  a* :  .  :cr  to  a..  /.*t>33  v<  l,*}  .La,  HP  ,V« 

a  ■  &tiM  ’ :*»•,  i.'.«  *.i a tr.v.  v-:  1'cl i;,  la  thf  Sh»c  for  any  also 
f  • ; ..w  V<-ipn*  ;.f*«  r  ;.f  1/ .rit  .or . 


Tv  jt.r.  ,r.  i.sk  .  a  f  ;  0  ;«.r  fool  a«beml.**8  *  range 

f  -  !.«?:•  . . arv- trru  fror.  to  o  feet  for  the  range  of  gross  weights 

.:.v  i..  y  jv  Tl.-.m  .  .  Th*v.»’  J.-anotors  jrovlde  for  the  In 

urea  ..red  : th*  j  reserro  of  a  0,  propeller  diaaotor 
••Mr  - .  A  !*!.li*-r  .rv**y  of  ;  ro:-*  1 1«  r  u;  l.'.os  .available  by  ,?o  indi- 
enter  ib.it  i  mxi&i*  H  unter  of  .ip  j  roximlely  i>  foot  nay  be  expected. 

It  n:  :*\ur  .  the.*.,  'hul  fr  range  of  :  rojellor  diameters  specified  for 
Ih;  .  ;;f.viy  will  *•  satisfied  exce:  t  for  the  hi  -host  gross  weight  nachir.cn. 
!*>r  'I  ex' r< of  t he  -roar,  woig;.  l  range  .a  alight  increase  in  disk 
au  mg  ci*.  v  na** ,  which  would  r<  :  :ce  the  re  a lr*)d  irojcllor  dimeter 
to  5  fe*‘t  wi*:.  on i  r.r.ai  i  incnnso  l:  ,-roan  weight,  is  nhown  in 


Been  ;oe  of  their  effects  on  the  drive  systen  ana  weight  conputations^ 
cosr/cr  ro_tatin^  r  roroilen  were  assured  in  the  design  study.  Counter 
rotating  propel  lers  arc  expected  to  provide  an  increase  in  propulsive 
efficiency  of  10^  above  that  of  a  single  rotating  j  rope  ller  uue  to  the 
absence  of  rotation  of  the  propeller  slipstream.  It  is  also  anticipated 
that  the  counter -rotating  jrojellurs  will  avoid  large  pjroscopic  moment.*; 
acting  on  the  aircraft  due  to  angular  velocities  of  the  aircraft  in  pitch 
or  roll,  dome  aegree  of  cross  coupling  between  roll  ana  yaw  can  be  pre¬ 
vented  by  co.intcr  rotation,  in  that  a  differential  thrust  variation  for 
roll  will  nave  no  toriue  effects  and  thereby  no  resultant  yawing  moment. 

It.  3-  5  Deeper  ducts 

The  use  of  counter  rotating  propellers  prompted  a  further  investigation 
of  the  shroud  length.  The  very  short-chord  shroud  design  originally 
aesignated  for  this  study jippears  insufficient  to  properly  enclose  the 
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counter- rota  ling  propellers 
1 1  Of. .  A  further  Investigation  of 
Indicates  mat  longer  chord  ducts 
f Icienc les .  /or  •  i. i s  r» ason,  C,. 
t ho  W> i ^ h i  Ufur  fit udy . 


necessary  for  the  two- duct  canflgura- 
rorc  recent  studies  [jtofcr  rjCfc  1  y] 
ray  be  necessary  to  -j» ir.Lair.  high  ef- 
-£>  10  C.  sCL  4¥tu  ar*  now  specified  for 


...  j.o  Revised  ..rag  Analysis 

The  43©  of  longer  ducts  re  ‘sired  *  re -ova. ■♦ail or.  of  tie  oxlurr.a  1  drag. 

•tec  a  s  so  the  drag  unnlys  is  and  results  haw  leer.  necessarl  ly  duoatiorvftbifc , 
as  discussed  in  ^fcilof*.  J..,..',  a  f  .rlh<' r  effort  to  establish  A  dmr 
c^yff^cUnl  by  ;;*,o  same  ?*; thou  was  not  atm  • led;  rather.  th«  effect  on 
forward  flight  jcrforvinco  was  invent  .g a ted  for  a  range  of  external  drag 
values.  This  study  indicated  mat  external  drag  has  no  effect  on  the 
value  of  optimum  dis>  loading.  Maximum  forward  flight  velocity  and 
range  are  me  only  characteristics  varied  by  changing  m.e  oxtornal  drag. 


Utcaus*  t he  optimum  dis*  loading  in  inuotencenl  of  external  drag,  tho 
havering  characterin'. icn  remain  fixed.  An  m.e  Weight  Lifter  study  is 
based  .con  hove  ring  p«  rf  orwr.ee .  the  resulting  npeed  and  range  variation 
with  external  drag  become  .« ec or.d* ry  effects;  therefore,  m.e  optimum 
configuration  .-era ins  valid  for  tho  rango  of  external  drag  values  ever, 
though  the  exact  maximum  velocity  ana  range  is  r.ot  xr.ovr..  Tho  drag 
analysis  indicated  that  a  ter.  p*  rcor.t  variation  in  external  drag  creates 
a  corresponding  sover.  percent  variation  in  maximum  velocity  at  the  orti- 
r.nr.  disk  loading. 


As  a  result  of  tho  above  considerations  tine  forward  flight  performance 
re  rains  based  upon  an  external  drag  coefficient  of 


C  •  C.2*. 

0 

...3 .7  Angle  of  duct  Tilt  lr.  Forward  "light 

As  Mentioned  previously,  the  optimum  cisk  loading  ana  maximum  forward 
aircraft  velocity  are  constant  for  the  rango  of  Weight  Lifter  gross 
weights.  The  value 

i  «  0.?8 

is  then  a  fixed  value  for  the  maximum  velocity  at  all  gross  weights. 
The  angle  that  the  ducted  propeller  centerline  is  tilted  forward  from 
the  vertical,  a,  can  then  be  read  from  the  plot  of  a  vs  V,  on  the 
"residual  thrust  included"  curve  (Figure  18).  The  angle  of  forward 
tilt  of  the  ducted  propellers  for  maximum  velocity  is 

a  =  55° 
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*.j.6  Mutual  Ir.terferanco  Lffotia  of  jucls  in  CIoso  Proximity 

An  aiur.pt  to  doumir.o  the  magnitude  of  the  mutual  interference  of 
du:ted  propellers  operating  in  close  proximity  to  or.e  another  was  made 
in  which  the  axla.  velocity  cor.ponenl  of  a  ducted  propeller  in  the  hover¬ 
ing  condition  was  represented  by  the  axial  velocity  component  of  a  vor- 
ux  ring  2eferer.ee  16,.  The  axial  velocity  at  a  location  corresponding 
to  the  centerline  of  one  duct  appears  to  be  affected  less  than  one  per¬ 
cent  as  the  result  of  the  operation  of  the  other  ducted  propeller.  >. 
the  sasis  of  this  preliminary  study,  the  effect  of  the  r.utual  interfer¬ 
ence  bet  we  on  ducted  propel  lers  ir.  hovering  was  neglected.  Jio  method 
exists  for  determining  the  interference  in  forward  flight. 

...3.9  Fuselage  lesion 


The  ability  to  load  and  transport  bulky  cargo  is  anticipated  as  forming 
the  major  part  of  a  ifeighl  L.ftor's  operation,  ana  this  rerairenent  dic¬ 
tates  a  large-volume  cargo  co-part- on  for  which  a  m ir. imux  amount  of 
special  loading  oquipnont  would  be  necessary.  A  preliminary  survey  of 
existing  cargo  aircraft  was  sade,  and  it  was  doterr.lnod  that  for  the 
Weight  Lifter,  tho  cargo  compartment  volume  to  payload  weight  ratio 
would  be  approximately  two  to  throe  tines  that  of  present  military  fixed 
wing  cargo  aircraft  (Roforence  l7),  and  somewhat  greater  than  helicopter 
cargo  aircraft  (Reference  IS). 

The  f-se.ago  design  was  r.odified  so  as  to  make  the  oe3t  use  of  the  fuse¬ 
lage  engine  mounting  arc  tailpipe  system;  the  final  design,  then,  became 
a  large  capacity  pod-type  body  with  a  single  large  boon  containing  the 
engines  and  tailpipe  extending  aft  from  the  top  of  the  pod.  The  empennage 
is  mounted  above  the  aft  end  of  the  boom,  to  remain  as  free  as  possible 
from  the  effects  of  the  ducted  propeller  wake. 

Cargo  may  bo  loaded  from  both  the  front  anu  rear  of  the  fuselage,  with 
an  oversized  door  anc  loading  ramp  at  the  rear.  For  the  larger  aircraft 
designed  for  the  higher  payloaas,  the  fuselage  height  is  sufficient  to 
allow  a  hinged  floor  to  be  positioned  so  as  to  provide  two  levels  for 
transporting  largo  numbers  of  troops. 

h.3.10  Cockpit  Design 

It  is  forseen  that  the  Weight  Lifter  would  perform  many  operations  simi¬ 
lar  to  those  required  of  large  helicopters;  therefore,  it  is  necessary 
to  provide  pilot  visibility  comparable  to  that  of  a  helicopter.  The 
cockpit  was  extended  forward  beyond  the  main  fuselage  structure,  pro¬ 
viding  vision  downward  and  to  the  sides  through  a  helicopter- type  trans¬ 
parent  nose  section. 
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. .  3 . 1 1  jue  t  Support  iys ban 

The  ducted  profiler  supporting  * manure  ias  redesigned  10  avoid  a 
single  pivot  joint  mounting  on  the  sii>;  of  the  d^ct  as  shown  in  Figure 
...  Vith  live  heavy  threat  loads  taken  o..t  of  the  duct  at  only  one  point 
on  Us  cl  reference,  this  support  ays  ton  would  re  u  ire  a  heavy  duct 
structure  to  maintain  duel  rigidity.  The  ;wv  support  structure  became 
a  7-strU  from,  the  top  of  the  fuselage  to  the  duct  cor.terbody  where  it 
joined  a  horizontal  neater  from  the  center  of  the  fuselage ,  aa  chovn  in 
Flgu r«  I>.  For  this  sup; or t  arrangement,  the  duct  tilts  about  the  hori¬ 
zontal  neater  while  pivoting  on  the  7  struts  at  the  duct  cer.tOrbody. 

Tie  support  strict  . re  was  j ;acea  above  the  due  t  In  an  effort  to  ainlxlsc 


the  drag  effects  sy  locating  the  struts  ir.  the  .over  velocity  airsircar. 
about  the  inlet  rather  than,  in  the  higher  velocities  encountered  at  the 
duct  exit.  A  dtflr.it*  weight  saving  was  realised  as  a  result  of  this 
redes  i  gr. . 
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Trope  1  lor  Kaxe  Lef  lec  tv  on 

As  mentioned  previously,  a  conventional  horizontal  stabiliser  ana  ele¬ 
vator  are  required  for  the  optimum  Weight  Lifter  confi  .ration  to  provide 
longitudinal  stability  ana  pitch  in,*  nomen  t  control  luring  forward  fl  Ight. 
The  effectiveness  of  the  horizontal  tail  is  dependent  on  the  ducted  pro 
poller  wake  conditions  at  the  tail  location. 

In  order  that  the  tail  section  might  be  placed  out  of  the  direct  dovmwash 
effect  of  the  slipstream  the  slipstream  deflection  of  the  ducted  pro¬ 
peller  in  forward  flight  was  investigated.  The  deflection  was  only  ap¬ 
proximated;  due  to  the  lack  of  information  concerning  the  characteristics 
of  the  airflow  in  the  vicinity  of  a  highly  loaded  due  ted  propeller 

The  slipstream  was  approximated  as  the  resultant  of  the  ducted  propeller 
exit  velocity  and  aircraft  velocity  components,  as  shown  in  the  velocity 
diagram  in  Figure  21  The  angle  6,  between  the  horizontal  ana  the  re¬ 
sultant  slipstream  can  then  be  determined  as  a  function  of  f  (Figure  21). 
The  most  serious  condition  for  providing  clearance  between  the  tail  and 
the  slipstream  occurs  at  the  maximum  forward  flight  velocity.  At  this 
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conditio;;,  the  6  la  a  nininur,,  and  U;e  re ar  of  the  duct  ia  raised 

10  its  highest  position.  In  thla  situation,  with  the  si  Ip  sire  an  deflected 
Irr.ed lately  upon  leaving  the  exit  at  the  rear  of  the  duct,  It  van  de- 
u mined  that  the  flow  atTH  phased  veil  beneath  the  horUon ul  talh 

o,.n  Farther  ..ealffl  of  Four-.>uci  Conflagration 

•’or  purpo aoa  of  comparison,  those  design  foa turns  discussed  in  Section 
...  1  which  w«re  applicable  to  a  four-dwc*  confit'ural ion  were  incorporated 
In  that  dealer,  as  show;;  in  the  u  ravin*;  in  Figure  20.  uri  the  has  la  of 
these  charges ,  a  revised  weight  analysis  for  the  four-duct  configuration 
vas  xade,  as  discussed  in  Section  *.,4.. 
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5.  VSIOHT  ANALYSIS 
$.1  Introduction 

The  objective  of  thlc  analysis  la  to  compare  the  five  Weight  Lifter  con* 
figurations  on  the  basis  of  air  raft  gross  weight.  Jecaxse  of  the  *ack 
of  certain  aerodynamic  aa  we.,  as  structural  design  information  on  thla 
type  of  aircraft  at  present*  a  minimum  number  of  design  parameters  were 
ij_be  used  if.  the  kv  jraph.* .  Method  Reference  10^  for  develop^ 
ing  an  optimum  deslgnT! 

Parametric  Study  and  Application  of  Rp  Available 


A  selection  of  four  parameters  is  rode  in  this  study  for  the  optimisation 
of  a  preliminary  Wight  Lifter  design.  These  four  parameters,  as  shown 
in  matrix  fora  below,  ore  numbers  of  ducts,  b;  gross  weight,  W^;  payload, 
F;  and  disk  loading,  w. 


PARAMETRIC  STXT 


b 


H,  lb 
■  1 1 


pi  lb 


lb/ft 


In  the  "Rp"  Graphical  Method,  Rp,  ratio  of  fuel  weight  to  gross  weight, 
is  used  as  a  solution  for  a  pair  of  simultaneous  equations,  namely,  the 
"Rp  required"  of  the  aerodynamic  analysis  and,  "Rp  available"  of  this 
section.  The  point  of  intersection  in  each  case  represents  the  least 
gross  weight  for  that  combination  of  payload,  disk  loading,  and  config¬ 
uration.  The  optimization  of  a  series  of  such  combinations  yields  the 
lowest  gross  weight,  as  shown  in  Figures  10  and  11, 

As  always,  the  cost  of  an  aircraft  is  directly  associated  with  its  weight; 
therefore,  the  advantage  of  choosing  a  configuration  in  preliminary  de¬ 
sign  from  the  weight  standpoint  is  obvious.  This  method  also  eliminates 
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such  laborious  work  i.*»vo  vod  m  opustumg  ail  the  poaaib.e  coatbinauertf. 
To  faclliuto  selection  of  the  boi  configuration  this  "lip"  Graphical 
Method  13  further  developed  in  Figures  through  '  by  co*paring  the 
minimum  groaa  weight  curves  f^r  different  disx  loadings  and  payloads. 

TV.e  final  out  cues*;  is  that  the  two- duct  nc  w  l  ng  configuration  appears  a.j 
the  boat.  The  result  of  the  optimisation  study  by  the  Hf  **thod  J3  listed 
below. 


Payload 

Tw  G-C  IS 

Four  1a.cu, 

1..  GOC  lb 

wo 

..0,  GO  »b 

v, 

U 

0  *  w  a  .  b 

w 

-  ..i  ib  ft 

w 

>'i  ib/ft 

>\C00  lb 

», 

j 

^  COO  .b 

W. 

J 

.06  COO  ib 

u 

5o  .o  ft 

w 

bb.  \  .b/ft 

3’  00 C  ib 

V»* 

G 

1  i ,  500  1  b 

:io  Hata 

w 

-  oO  .b  ft 

$.3  Weight  Squall  ns 

For  the  conventional  components  and  equipment  of  the  aircraft,  suitable 
weight  equations  wore  adopted  from  Reference  /0.  If  existing  equations 
did  not  apply,  an  adjustment  was  made  by  actually  designing  the  uncon¬ 
ventional  component.  A  new  weight  equation  was  then  introduced,  either 
by  modifying  the  equations  found  m  references  to  suit  the  provisional 
design  or  by  developing  an  entirely  new  equation.  However,  for  the  sake 
of  accuracy  the  new  equations  generally  were  tested  against  those  for 
configurations  of  similar  weight. 

In  primai7  structures  design  an  ultimate  vertical  load  factor  of  3.0  is 
applied  individually  to  the  subjected  component,  while  a  vertical  load 
factor  of  2.0  is  considered  plus  either  a  side  load  factor  of  1.5  or  a 
fore-aft  load  factor  of  1.5.  The  allowables  for  stress  are  per  Reference 
l8o  For  this  preliminary  design,  thermal  stress  is  not  investigated,  as 
its  effect  will  be  negligible  for  the  skin  friction  generated  at  the  an¬ 
ticipated  flight  speeds.  Also  aeroelastic  problems  are  not  Included, 
as  they  are  beyond  the  scope  of  this  study. 

In  deriving  the  Rp  available  equations  all  the  constants  possible  are 
predetermined  by  a  survey  of  other  similar  aircraft. 
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Crvv  Wight  *•  6C 0  lb 

Tip  5'peed  of  Propeller  -  &xi  ft/sec 

All  the  operation  is  ass  jvjU  to  be  j*  rfor*oi  at  son  level  under  standard 
conditions : 


o  *  0.00.  3"  >  slug  ftj 

The  equation  for  the  gross  weight  of  the  aircraft  can  bo  written  as 


W  -  V 

Q  enpty 


P  •  K  •  V 


?T 


who  re 

V 

onpty 


V. 


onpty  weight  of  aircraft,  lb 
crew  weight,  lb 


P  *  payload,  lb 
Wj,  •  fuel  weight,  lb 

fuel  tan*  woight,  lb 

The  weights  of  components  comprising  total  empty  woight  of  the  aircraft 
are  listed  as  follows: 

W  propeller  weight  rotor  weight),  lb 
ft 

Vi.  °  duct  weight,  lb 

W,^  wing  weight,  lb 

^EM  =  err,Penna^°  weight?  lb 

Wa  =  fuselage  weight,  lb 
fc> 

=  landing  gear  weight,  lb 
Wp  =  powerplant  and  accessories  weight,  lb 
WFE  ~  l’lxe(l  equipment  weight,  lb 
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Vu  *  miscellaneous  items  weight  ,  la 

.1 


The  ratio  of  aircraft  empty  weight  to  groaa  weight  is  expressed  by 


p  m  £  Component  Weigh  to 


The  weight  of  fuel  and  fuel  tank  la  obulrwjd  by 


♦  V_  *  V„  -  P  -  V 


r  i 


.  -  W, 

cr.pty  t 


Since  Vm  is  a  function  of  Vp,  then 
W?  *  K(W  ?  ♦  W  ^) 


The  assumption  is  made  that  the  Jet  fuel  weight  is  6.5  lb  per  gallon, 
and  the  tank  weight  is  0.5  lb  per  gallon;  therefore 


Hence 


or 


K  -  0.928 


W„  '  r  W  „  W. 

r  .  ft  mb  P  empty  C 

w:  0,9t  "  vc ' 

3  V  3  G  u 


Rp  -  0.928  (1  -  Rp  -  0  -  Rc) 


5.3*1  Rotor  Weight,  W 


R 


W„ 


w. 


0,757  7  (tog*  (Bl) 


1.8 


.825 


See  Re^eience  5 


(1) 


Where 


AF  =  activity  factor 


W„  =  gross  weight,  lb 


This  term  includes  tilting  mechanism,  tail  boom,  and  the  miscellaneous 
items  shown  in  Sections  5.3*15  through  18. 
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TT 

v  *  dla*  loading  by  rotor  area  *  j,  It  ft' 

Z 

A  *  area  swept  by  rotor,  ft 


3  *  r,cww>r  of  blades,  expressed  as 


:,360)(it)u  /a  \ 

l,  • - - -  f  r‘- 

‘  IAFJC,  *C  o  \\/ 


*?.  * 


i./V|%oWV| 

w  \  w 


Whore 


1  •  f  •  flow  area  •  e  ui valent  flat  plate  area  of  drag  surf aces  *  1.25  ft 


C.  •  .^car.  blade  lift  coefficient  *  0.53  for  optima*  C^/C^ 


—  •  the  ratio  of  slips troan  area  downs trear.  to  that  of  the  pro- 
nc  roller  •  1.0  for  ducted  propellers  with  straight  exit  ducting 


■  downwash  velocity,  ft/stc  ■ 


I? 


=  effective  disk  loading,  Ib/ft 


=  tip  speed  =  800  ft/soc 


An  A F  value  of  100  was  chosen.  This  agrees  with  conventional  recipro¬ 
cating  engine  propellers  with  disk  loadings  of  about  85  lb/ft  ,  which 
corresponds  to  the  average  disk  loading  in  this  study. 


Then  from  equation  (l) 


wR  =  0.0311,  f 


10,200  \?  (l,$20  \l 

15'20+w  ,  l  137+w  j 
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vhoro  *  )w.3s  ft  had 

> 

m  «  jo  ib  rr 

A  ch*ck  la  rade  vjifc  Reference  j  Tor  a  corner/ 21  live  caujw»uo; 
-  33. 3 6  fi 

•  i.  '  /  /  *  *  \  .  **  #•. 

•  •  •  ••**•/  .*u«  •  •  •  v 

u  *  1  «*  #•» 

J 

H.,  -(0.. t*}{  12. jS)  ...  ft 


.  i 


Tv„ 


r.en 


U3P‘HJ  • 


c  r 


:Jy  Ki,*ire  3c  f  Reference  * 

W.  c  GO  I:  for  '/<  )0C  knoi'; 

J 

Co*parlrw:  with  re:..  1  is  Cron  it'fo p>n:e  . 


O..00 

s  00 


1.0)1 


The  weight  of  6h00  lb  from  inference  .  seems  10  be  too  conservative 
and  as  a  compromise,  exponents  were  readjusted. 


1  O.O^i  (D )  ’  3(w)‘  “  is  adopted. 
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.).«  Fuselage  Weight,  Vg 

The  fuselage  weight  equation  Tor  a  helicopter  la  expressed  as 

Wg  *  0.159  (W,L)*69  (fceferenc*  2)  (6) 

•or  conventional  fixed-wir.g  fuselage  design,  the  weight  equation  la 

Wg  *  0.159  lw.),t>?  [:  h»3) ~  • 

whore  H  •  height,  3  *  width.,  and  L  *  length  of  fuselage 

A  aar.pl o  calculation  la  ahown  below.  To  Insure  a  conservative  woight 
estimate  and  to  provide  maximum  cargo  apace,  theao  values  were  chosen: 

Let  H  *  3-0. lo  L 

For  V,  •  1GG,0CG  lb  and  L  •  100  ft 
Q 

Wa  ■  9,  00  lb,  which  agrees  with  the  weight  estimation  in  Figure 
38,  Reference  3 

MOTE:  For  the  four-duct  configuration,  because  of  structural  requirements 

W3  ■  0.159  (Wj-'y  [L(3*Kj]  - 


5.3.5  Wing  Weight,  Wm 


From  Reference  3,  utilizing  a  conventional  type  wing,  the  expression  for 
wing  weight  becomes 


2.31  b. 


WQ  (u.95  ♦  3.6)  « 


19.75 


where 

b^  =  span,  ft 

f^  =  design  stress  factor,  see  Figure  35,  Reference  3 
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vhichA  for  the  example  V„  of  1GC,OCO  lb  and  a  low  wing  loading  of  50 
lb/ft4  reduces  to 


W  * 
v 


(7b} 


5-3.6  Horizontal  Tall  Weight,  V.,_ 

MT 


The  weight  analysis  for  the  horizontal  tail  la  the  sw%d  as  for  the  wing. 
Equation  (7n)  then  reduces  to 


2. It 

~7 — 


(two  ducts  on  wingtip) 


;wjl 

J 


two  c-cts  on  aide. 


5.3.7  Vortical  Tail  Weight,  Wt/T 

Since  vortical  tail  weight  is  a  function  of  vortical  tall  area,  3peod, 
and  atmospheric  conditions, 

WVT  '-"t  1 

Then,  based  on  Fi  uiro  37  of  Reference  3 

Vn  0.068  (At)1#l5  (Va)-  (o)‘  5  (8) 

where  o  =  =  1.0  at  sea  level 

po 

=  velocity  of  aircraft,  knots 

2 

=  vertical  tail  area,  ft 

The  equation  can  be  further  reduced  by  the  substitution 
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*i  ■ tC 

where 

L  *  length  of  fuselage 

?or  design  purposes,  g  *  0.0?7  for  tho  two  duets  on  wlngtip  type,  and 
K  *  0.0)3  Tor  Um  two-duct  no- wing  type,  by  aerodynamic  requirement. 


5. 3.8  Landing  Gear  Weight,  W. 


For  fixed  landing  g^ar  th«  weight  was  detcrr.lned  by  the  relation 

V,  *  0.0)3?  (WJ  '  {Reference 

L  u 


5.3*9  Engine  Weight,  VL 


Chart  I  of  Reforenco  ..  predicts  tho  voight  of  shaft  turbino  onglnoa  up 
to  1965.  From  this  data  a  valuo  of  0.32  lb/UP  la  aaaumed  for  orpines 
producod  later  than  196<r. 

W.  •  0.)2  HF 


1.2  W.{w  )’  \  c 

0.32  l - -£-2 —  •  0.0069  W  (w)° 

ut,  ]  J 


5.3*10  Engine  Section  Woight, 


1.0? 


/W,  \ 

W£S  »  0.053  (  jj-j  (n)*‘°7  (Reference  2) 


W„ 


w. 


LP  = 


m  T71FW  0.0317  W_(w 0.0317(w)* ^ 

G 


WES  =  0.00126  ( WQ ) 1  * 0  („)•  (nf -°7 


where  n  =  number  of  engines  £  0 
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$.3.11  Starting  Syclcm  Weight, 

W53  -  o.??(n;-“ 


Bo fc  ranee  ?) 


*  0.0)S.(V,)-°  (w)*J  (n)Jl 
u 


5.3.12  Oil  and  Oil  Tank  Weight,  V, 


W  *  0.0.;  V„ 
u  i 


Beforjnco  2) 


•  0.00036  V,(v)° 


5. 3»13  Fixed  Equipment  Weight,  Ww 

P  w 

This  tem  includes  weight  of  instruments,  flight  controls,  hydraulic  and 
electrical  systems,  furnishings,  and  communications  equipment. 


Wyg  ■  1.9300 


. 


(Reference  2) 


(Sb) 


However,  in  order  to  include  the  weight  of  a  helicopter  type  cabin,  aqua¬ 
tion  (5n)  is  modified  to 


Wfs=2.38(Wg) 


.67* 


(9b) 


5. 3.1^4  Boom  and  Exhaust  Pipe  Weight,  W 


BP 


This  component  is  treated  as  a  cantilever  beam  loided  by  its  own  weight, 
tail  load,  and  thrust  from  the  reaction  controls.  It  is  assumed  that  the 
longerons  are  supported  at  intervals  by  light  frames  to  insure  stability. 

For  aerodynamic  reasons  a  light  sheet  is  chosen  for  the  housing  skin,  as 
a  smooth  surface  is  of  greater  importance  than  structural  stability.  Be¬ 
cause  of  the  low  speed  range  of  these  designs,  the  thermal  stress  due  to 
boundary  friction  heating  is  not  assumed  to  damage  the  skin.  For  prac¬ 
tical  design,  the  exhaust  pipe  and  its  insulation  are  estimated  to  weigh 
19.3  lb/ft,  and  the  boom  to  weigh  3.7  lb/ft  (based  on  a  100,000  lb  class 
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Then 


V.p  *  G.Oli.  V, 
3P  u 


5.J.15  3ear  Box  Weight,  V 


The  weight  of  the  primary  reduction  gear  box  is  included  in  the  trans¬ 
mission  and  engine  section,  b,i  the  weight  of  the  intermediate  gear  box 
l s  treated  separately  and  estimated  to  be 

V  *  0.13  lb  HP 
K 

5 . 3 . 1 0  Shn  f  1  Vo  igh  is ,  VQ 


The  rain  transmission  shaft  is  designed  to  withstand  both  the  torque  nnc 
its  ovr.  weight.  It  is  also  checked  against  lla  frequency  to  avoid  any 
resonance  which  would  lead  to  vibration.  Kron  these  considerations 


VL  «..  lb  ft 
S 


.3.1’’  Tilting  He-hanlan  ana  its  Accessories  Weight.  V^,, 


Vi'  O.OOi,  \L  por  duct  for  two  duct  conf igurntion 
■  0.0030  W,  per  duct  for  four-duct  configuration 

j 


The  constant  i.  a  result  of  a  statistical  survey,  and  is  recommended  due 
to  the  fact  that  the  screw  Jack  is  not  only  operated  by  a  hydraulic  sys¬ 
tem  but  also  by  an  electric  motor,  with  nanual  control  in  case  ,the_hy_- 
draulic  systen  falls.  Therefore,  this  estimated  weight  is  justified  for 
the  importance  of  its  function. 


5. 3. Id  Duct  Supporting  Strut  Weight,  W^, 


All  the  compression  members  in  the  strut  system  are  pipes  of  steel  alloy 
with  D/t<  50  to  avoid  a  local  crippling  problem.  This  weight  then  be¬ 
comes 
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5.:. 


ti....  1  Available  urapha 


The  Ry  available  curves  m  Figures  through  .  j»  show  that  Hy  available 
ia  a  non-linear  function  of  oil  Mr  <i‘.sx  loading  or  grosa  weight,  amply 
weight  la  a  function  of  gross  weight,  and  nunwrica.  calculations  show 
that  a  variation  lr.  Hy  available  changes  only  the  value  of  tho  empty 
weight  to  gross  volant  ratio,  J,  aa  nay  bo  aeon  fror.  tho  equation 


0.9-'"  (1 


•> 


Hc 


0) 


in  which  crew  weight  a  r.u  ray  load  car.  bo  hold  c  or.  a  tan  t.  Tho  relationship 
between  Hy  available  and  dla*  loading  ia  therefore  alao  nor.  - 1  incar,  aa 
dia*  loading  ia  a  f  notion  of  empty  weight. 

Tho  nor,- linearity  of  thoao  relationships  ia  a  result  of  tho  complexity 
of  tho  weight  c  jnatior.a  for  the  or.pty  vo i gh t  coarorrcnta .  and  any  Increase 
in  either  d ir k  loading  or  gross  weight  or  both  does  r.ot  produce  a  corres¬ 
ponding  increaao  in  hr  available.  However,  tho  ratio  of  H?  nvailablo  tc 
gross  weight  for  the  disk  loadings  ranging  fror,  50  to  100  lb/ft  ia  nearly 
linear  up  to  a  gross  weight  of  100  000  pound  a.  Tho  Rr  available  equations 
for  tho  or.pty  weight  components  of  the  final  configuration  will  be  found 
in  Appendix  i>  A. 

Examinations  of  the  Ry  plots  in  fibres  through  5  reveal  optimum 
points  at  disk  loadings  which  prod-.ee  rather  low  forward  speeds  and  short 
ranges.  As  explained  in  Section  ).u,  an  operations  research  investiga¬ 
tion  produced  an  optimization  based  on  a  criterion  of  maximum  payload 
ton-miles  per  pound  gross  weight,  also  determined  from  those  R~  curves. 
This  investigation  indicated  that  an  aircraft  capable  of  higher  speeds 
and  longer  ranges  would  be  more  efficient  for  the  anticipated  Weight 
Lifter  mission  and  the  design  was  adjusted  accordingly. 

$./:.?  Selection  of  Configuration  by  Weight  Analysis  Based  on  Same  HP, 

w ,  P  and  W_ 

. .  0 

Two-Duct  on  Wingtip  Configuration  Figure  1  In  general  the  two  duct 
configurations  nave  a  better  Rp  and  Rp  than  the  three-duct  delta  wing, 
as  the  cargo  space  is  better  utilized  in  the  fuselage.  It  is  structurally 
a  transport,  conventional  both  in  arrangement  and  construction  except  for 
the  rotating  ducts  on  the  wing  tips.  Because  of  the  redundancy  in  pro¬ 
viding  the  lift  necessary  for  forward  flight  by  both  duct  and  wing,  the 
combined  weight  does  not  recommend  this  configuration. 
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Tva-Puct  Canard  Configuration,  Figure  d\  This  design  is  eliminated  for 
the  same  reasons  as  live  configuration  shown  in  Figure  1. 

Three-l/uct  l^lta  Vlr.g,  FI  gun?  j:  TMa  configuration  ia  regarded  as  a 
poor  prospect,  as  ita  ftp  ana  kp  are  too  low  10  be  considered  practical. 

The  main  reason  for  the  sma*  i  usefu.  load  ia  the  fact  that  structurally 
it  demands  a  redundancy  of  members  to  strengthen  the  three  cut-outs  for 
Ina tailing  ducted  propellers  in  the  delta  vim.  In  addition,  the  tri¬ 
angular  arrangement  of  the  tiiree  ducts  leaves  no  optimum  available  apace 
for  Internal  cargo  loading. 

Four- Suet  Mo- wing  Conf Ig oration,  Figure  5:  This  type  van  studies  because 
of  ;*a  simplicity,  eing  witho/t  either  wing  or  horizontal  tail.  However, 
tho  excessive  weight  of  ita  aft  fuselage  aection  subjects  it  to  tho  turn 
criticism  aa  the  dolta  wing,  and  the  oxtra  aot  of  ducta  and  their  accca- 
aoriea  cancel  out  ita  advantage  over  the  two-duct  configurations. 

Two-Duct  Mo-Wing  Configuration,  Figure  i; :  This  type  features  two  ducta 
on  struts,  one  on  vacr-  aide  of  the  fuselage.  The  elimination  of  tho 
cntlro  wing  stricture  aavea  considerably  in  weight,  and  tho  use  of  a  tail 
boor.  Instead  of  aft  fuselage  soctlon  is  also  weight -saving.  Therefore, 
thi3  design  is  chosen  as  best  on  a  weight  basis. 

For  purposes  of  comparison,  a  tabular  weight  component  summary  will  bo 
found  in  Appendix  5-3  for  tho  confi gu rat ions  shown  in  Figures  1,  n,  and  5. 
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The  stability  and  control  characteristics  of  the  opting  ifeight  Lifter 
configuration  have  been  delemlwd  for  a  rep resen tat l vt>  aircraft  uhlch 
carrier  the  average  payload  of  22,000  pounds,  as  shown  In  Figure  19. 

As  the  aircraft  has  been  designed  to  grow  uniformly  larger  with  increas¬ 
ing  jayload,  the  stability  and  control  functions  calculated  for  the 
average  size  aircraft  are,  in  most  cases,  directly  applicable  to  the 
other  sizes.  Those  characteristics  peculiar  to  aircraft  at  the  extremes 
of  the  size  range  were  checked  to  insure  the  suitability  of  the  principle 
involved  for  a  Weight  Lifter  throughout  the  range  of  gross  weight. 

0.1  Pitching  Moment  of  the  Fuselage 


The  pitching  moment  of  the  fuselage  was  calculated  by  .Hunk's  method, 
corrected  for  body  fineness  ratio  (Reference  12).  The  accuracy  of  this 
result  was  considered  satisfactory,  for  tho  effect  of  the  ducted  propel¬ 
ler  airflow  or.  the  fuse  la  go  moments  is  not  known*  As  the  fuselage  re¬ 
mains  at  zero  angle  of  attack  for  all  equilibrium  conditions,  tho  cri¬ 
terion  established  for  maximum  fuselage  pitching  moron  l  was  tho  effect 
produced  by  a  50  foot  per  second  vertical  gust  encountered  at  tho  air¬ 
craft  maximum  forward  volocity  of  150  knots.  This  condition  results  in 
an  angle  of  attack  of  approximately  11  decrees.  Tho  niximum  fuselage 
pitching  moment  for  tho  representative  Weight  Lifter  is  then 

>L  •  235,000  ft- lb 

M 

The  /us t  'and,  therefore,  the  resulting  angle  of  attack)  va3  taken  so  as 
to  produce  a  positivo  pitching  moment  in  order  to  add  to  the  other  un¬ 
stable  moments.  In  thi3  manner  tho  maximum  stability  requirement  of  the 
aircraft  is  depicted. 

6..  Pitching  Moment  of  tho  Duct 

The  pitching  moment  of  the  ducted  propellers  was  determined  from  an  in¬ 
vestigation  of  the  available  test  data.  The  Hiller  Helicopters  Flying 
Platform  truck  test  pitching  moment  data  (Reference  h)  presented  in  Fig¬ 
ure  26  represents  the  forward  flight  pitching  moment  characteristics  of 
a  hovering  or  static  type  shroud.  The  NACA  test  data  (Reference  22), 
also  presented  in  Figure  26,  represents  the  pitching  moment  of  a  high 
speed  type  shroud.  As  previously  mentionedx  the  shroud  envisioned  for 
the  Weight  Lifter  would  compromise  those  extremes;  therefore,  an  average 
value  of  pitching  moment  coefficient  was  approximated  for  the  Weight 
Lifter  ducted  propellerx  as_  shown  in  Figure  26. 

References  L  and  22  show  a  significant  decrease  in  pitching  moment  with 
increasing  ducted  propeller  forward  tilt  angle.  This  further  substantiates 
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i he  ^cision  th»i  lilting  the  ducted  propeller  is  the  ms i  satisfactory 
solution  for  producing  a  forward  propulsive  force. 

Tror.  the  assjacd  Weight  Lifter  du*  t  pilch  lf£  nosier;  t  curve  Figure  o 
the  resulting  pitching  - a»cnt  H.  of  ’.he  dur  ted  propellers  at  the  ?*axi 
nun  aircraft  velocity  a.nu  t/ti  gujft  condition  described  in  Section  c* .  1 
DOCiWuJS 

m  JV  OCO  ft  lb 

j 

as  a  nose -up  or  positive  r.oevnt. 

o.j  Pitching  Moment  due  to  Thrust  Arc  tor 


The  pitching  *«cnl  of  the  aircraft  d  .e  to  the  displacement  of  the  thrust 
vector  fr on  the  aircraft  center  of  gravity  can  be  found  from  tho  thrust 
vector  and  tr.o  allowable  Oi  travel  defined  in  Section  As  it  is 

.-.ore  efficient  to  provide  long l udir.nl  e'ulllori^a  in  hovering  cr  ver¬ 
tical  flight  with  a  lifting  force  at  the  tail  section  the  largest  por 
lion  of  the  0 i  rang©  was  established  aft  of  the  vertical  thrust  vector. 
This  arrangement  causes  a  noso-up  pitching  nor#; r. t  which  requires  a 
lifting  force  fron  the  residual  Uirust  nozzle  for  equilibrium..  Tho  CG 
travel  was  1  ini  ted  to  1 .  $  feet  aft  of  the  centerline  of  the  ducted  pro¬ 
pellers  in  the  hovering  pcs  it  lor.  and  O.a  feet  forward  of  the  centerline. 
Tills  proportioning  re  -u ires  only  srv*i  1  iovr.varu  forces  fron  the  reaction 
controls  at  the  most  forward  Cl,  ana  reasonably  obtained  upward  reaction 
forcos  at  the  nost  aft  CO  location  it  also  utilizes  a  lifting  force  at 
the  tail  throughout  the  greatest  poruon  of  the  CO  range. 


This  range  of  CG  locations  was  found  to  be  uito  feasible.  Tho  three- 
view  drawing  of  the  reprcsontati vo  Weight  Lifter  shown  in  figure  19  de¬ 
picts  the  general  arrangement  of  the  major  components  which  provides  the 
proper  center  of  gravity  range. 

The  pitching  moment  due  to  the  misalignment  of  tho  thrust  vector  and  CG, 
M_,  for  the  maximum  forward  velocity  becomes 

Kt  17$, 000  ft  lb 

for  the  most  aft  CG  location. 

>.h  Pitching  Moment  from  Residual  Thrust 


The  residual  thrust  is  utilized  both  in  hovering  ana  forward  flight  as  a 
stabilizing  moment.  During  hovering  and  vertical  flight,  the  pitching 
moment  produced  by  the  reaction  control  system  must  counteract  the  moment 
created  by  the  misalignment  of  the  thrust  vector  and  the  aircraft  CG 
(Section  6,3)  The  representative  Weight  Lifter  requires  ^,600  pounds 
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reaction  control  force  10  balance  ims  thrust  produced  ncacn t  at  the 
n«ost  aft  Oj  location.  ./urlng  forward  flight  the  residual  threat  vector 
paaaea  above  Uv c  aircraft  CG  thereby  contributing  to  U.c  aircraft  a 
a  lability.  The  no««nt  produced  by  the  res  id -a!  thrust  is  found  •  o  lx? 

-  ,,0U>  fl-.b 

at  the  mxiaum  flight  velocity. 

6. S  Pitching  Moment  of  the  HorUonta.  Tail 

Under  conditions  of  svulau*  forward  v*  locity  and  a  >0  ft  sec  vertical 
gus ti  the  total  r Itching  «u*i»nl  contribution  from  the  dueled  prop*?  Here, 
thrust  r.lsal ign^er.t,  and  fuselage  iwcojws  *  iU>0  ft* lb  as  a  nojv-up  or 
pos itlv*  momnl.  A  negative  pitching  wowf-nt  due  to  the  residual  thrua* 
reduces  the  forward  f  1 1  gh l  positive  pitching  nonent  to  Ofi.COt  ft  lb, 
which  sust  be  balanced  by  tne  horizontal  tall  m  order  to  establish 
e  (*uil  1.  rlun  in  pitch. 

The  pitching  natter,  t  of  the  nor',  son  t  a .  ta..  was  base  i  on  a  lift  curve 
slope  of  0.06  for  an  aspect  ratio  ... 5  tail  surface  (P.efer^nc*#  1  ).  It 
wa  assumed  that  the  tal.  had  an  efficiency  of 

r  0.? 

This  efficiency  is  to  arbitrary  due  to  the  lac/  of  Information  con 
corning  the^wake  of  a  highly  i  ended  ducted  propeller.  It  is  possible 
that  a  variable  Incidence  horizontal  ball  would  be  required  to  counteract 
the  variation  In  covnwnsh  as  the  iuctcd  propeller  tills  to  produce  vari¬ 
ous  flight  speeds.  The  horizontal  tail  Moment  arm  for  the  representative 
aircraft  is  feet  to  the  most  rearward  CG  iocntion.  From  the  above 
values,  a  horizontal  tail  area  was  determined  which  provides  the  rwscos- 
sary  equilibrium. 

The  proceeding  pitching  moment  characteristics  of  the  Weight  Lifter  re¬ 
quire  a  horizontal  stabilizer  of  approximately  350  square  feet  to  produce 
an  equilibrium  condition  throughout  the  range  of  fl  ight  speeds.  Lue  to 
the  gross  assumptions  required  to  estimate  the  moments  of  a  auctcd  pro^ 
poller  type  aircraft,  no  attempt  was  made  to  design  the  horizontal  sta¬ 
bilizer  to  meet  static  and  dynamic  stability  requirements;  rather,  it 
was  felt  sufficient  to  determine  that  a  reasonably  sized  horizontal 
stabilizer  could  apparently  overcome  the  unstable  pitching  moments  gen- 
e rated  by  the  ducted  propellers  and  fuselage 

6.7  Rolling  Moment 


The  rolling  moment  in  forward  flight  is  generated  by  differential  thrust 
of  the  ducted  propellers.  This  differential  thrust  is  accomplished  by 
changing  the  collective  pitch  of  the  ducted  propellers. 
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o ,t  Yawing  Hob*?.*; t 

W  on  roll  control  \s  an  l  lea  luring  forward  fl  IgM ,  the  ro  1 1 -y av  cross 
coupling  Mill  proiuco  a  yawing  mamai  oC  less  i l;*n  0.  /  or  ih<  applied 
rol  1  In**  stoncni.  This  m«ulu  Tran  u.c  fact  U;ai  while  iho  oacuo  pro¬ 
peller  is  iilu-4  forward  as  »ich  as  >5  degrees,  ih«  resulUwM  threat 
vector  la  ill  1^4  forward  lea;,  than  10  degrees.  The  yawing  moment  In- 
4+c o4  by  U.o  roll  control  can  be  counteracted  easily  uy  a  ».C0  pound  force 
f  ror.  U.c  vc r l  lea  1  u  1 . . 


o.9  y orcoa  .’fccossarv  for  Control  ^urtr.g  Hovering  and  Vertical  Flight 


An  Investigation  of  iho  control  gradients  aval  la*  ic  during  hovering  for 
hei  leap  tors  and  otner  proposed  vortical  ta/.c-off  cargo  transports  was 
conducted  References  3,  -3.  ar.d  -a/  to  (tele mine  the  forces  necessary 
for  adequate  control  of  the  Weight  Lifter  daring  hovering  ana  vertical 
flight.  The  acccle rations  aclomir.od  as  a  result  of  this  preliminary 
s  tj£dy  are  the  following 


.)  Pitch  reaction  control  0.3  radian  second 

[  )  Yaw  reaction  control  0.  radian  second 

(33  Roll  differential  thrust  control  0.;  radian,  second 

The  pitch  reaction  c  ntroi  fore*.*  re  m. irvd  to  j  roduc**  a  gradient  of  0.3 

rad iar./ second  Is  j,r'00  pounds  acting  at  the  residual  thrust  nozdlo  at 
a  distance  of  b)  foot  from  the  most  aft  a  1. ••craft  03. 


Tno  yaw  reaction  control  force  required  to  produce  a  0..  rau lan/ second 
gradient  is  3.h00  pounds  acting  at  the  residual  thrust  noddle. 


As  mention''  1  previously  .600  pounds  of  force  at  the  reaction  control 
nozzle  is  required  to  balance  the  ducted  propeller  thrust  misalignment 
with  the  aircraft  CG. 


The  total  force  required  from  the  reaction  control  system  as  a  result  of 
applying  the  pitch,  yaw,  and  thrust  balancing  forces  concurrently  was 
determined  to  be  6,600  pounds.  With  the  inclusion  of  the  10  percent 
ducting  and  nozzle  turning  loss  (Section  u.3*  )  the  residual  thrust  re¬ 
quired  from  the  turboshaft  powerplants  must  be  a  minimum  of  7,200  pounds. 
The  representative  aircraft  requires  28  ?00  horsepower;  therefore,  the 
residual  thrust  becomes  0.26  x  8,500,  or  7,ij00  pounds.  Thus  it  appears 
that  pitch  and  yaw  control  gradients  which  compare  to  those  of  a  helicop¬ 
ter  and  are  similar  to  other  VTOL  designs  can  be  generated  using  only  the 
residual  thrust  o£  the  turboshaft  engines.  The  required  roll  gradient  of 
0.2  radian/second-  can  be  developed  by  a  ,100  pound  thrust  differential 
between  the  ducted  propellers,  which  corresponds  to  only  a  5.5  percent 
change  in  the  minimum  thrust  required  for  hovering. 
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- .  c  .actusi  jh:s  u;rj  rsc  jls 

M  Final  Configuration  Inscription 

The  Weight  Lifter  prol  laiwr;  design  was  determined  as  a  result  of  aa 
analysis  of  f We  possible  configurations  and  a  subsequent  optimization 
investigation  of  varlo-s  p4ra*ct ora  for  the  selected  configuration.  The 
final  configuration  la  shown  In  Figure  19  as  consisting  of  a  pod-and- 
:  oor.  fuselage  upon  which  are  mounted  iwo  ducted  propel  icra  ard  conver.- 
l i o.-ji .  horizontal  anti  vertical  tail  surfaces. 

The  due  ted  prope.lcrs  are  positioned  hori  s»ninl  ly  to  provide  01  reel  lift 
for  hovering  ana  vertical  flight,  ana  mny  be  tilted  forward  a  anximu*  of 
0of:rcea  to  provide  forward  proj  ulsion  as  well.  The  counter- routing 
:  ropel lera  are  powered  through  extension  drive  shafts  by  several  Inter¬ 
connected  turboshaf  t  engine  a  noun  led  in  the  top  of  the  fuselage. 

Th c  rea Id  oil  U.rust  of  the  lurboshafl  engines  is  ducted  through  tho  fuse¬ 
lage  boo*  to  a  thrust  diverting;  nozzle  at  the  aft  of  lias  door,  and  j  n>- 
vldos  the  pilch  ar.d  yaw  control  forcos  In  hovering.  The  tail  surfaces 
famish  pitch  and  yaw  control  In  forward  flight,  while  the  residual 
thrust  is  utilized  to  supplement  the  forward  propulsive  force  of  the 
tilted  ducted  propellers.  Roll  control  Is  supplied  by  differential 
thrust  of  the  ducted  propellers  in  both  hovering  and  forward  flight. 

Tho  largo  fuselage,  with  a  cargo  volume  two  to  three  lines  that  of  exist¬ 
ing  fixed  wing  transports,  nay  be  loaded  through  largo  doors  at  either 
end.  A  hollcoplor  type  pilots’  compartment  Is  mounted  at  tho  nose  of  tho 
fuselage  to  provide  a  maximum  field  of  vision  for  hovering  and  vortical 
flight. 


The  Weight  Lifter  design  has  been  optimized  at  various  overall  3izo3  to 
accomodate  the  specified  range  of  payload,  as  shown  in  the  following  table: 


Payload 
jross  Weight 
Power  Required 
Ducted  Propeller  Din. 
Range 

Max.  Velocity 


7  tons 
60. LOO  lb 
18',  POO  HP 
18  ft 
1 60  n.mi. 
150  knots 


lo  tons 
135,000  lb 
liO ,  800  HP 
2 0.7  ft 

135  n.mi.  (Reference, 
150  knots  Figure  27) 


The  three-view  drawing  shown  in  Figure  19  is  a  representative  aircraft, 
designed  to  accomodate  an  average  payload  of  11  tons. 


The  optimum  disk  loading  was  found  to  be  1%)  pounds  per  square  foot,  based 
on  a  criterion  of  maximum  payload  ton-mile  per  unit  gross  weight. 

A  significant  feature  of  the  Weigh t  Lif te r  design  is  the  us e  of  conven- 
tional  components  and  construction  methods  wherever  possible,  which  con- 
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trlbmei  to  lower  can  and  i.v  reused  reliability.  An  cxanple  of  this  is 
ihe  conventional  variable  pitch 

The  Veighl  Lifter  requires  a  relatively  staI  l  site  frar.  which  to  operate , 
as  evidenced  by  the  representative  aircraft  show*)  In  Figure  19,  which  is 
encor.passed  Ir.  an  area  with  a  dUneter  of  approximately  ICO  feet.  The 
enclosure  of  the  crlilcal  whirling  propellers  Lr.  shrouds  adds  to  the 
•ultebilily  of  the  Vei^hl  Lifter  for  operation  lr.  close  quarters. 

7.2  Further  Studies  hecorr.er.ded 


A  lack  of  thcorouca.  and  ex r.erir«n*al  information  on  ducted  propellers 
has  necessitated  gross  assur.rtionfl  in  the  calculations  Involved  in  thla 
analysis  of  an  optimum  Weight  Lifter  configuration.  In  order  to  refine 
•  is  '.i,  >n  t  4ij  future  ductod  rroce*ler  investigation^  it  is 
reconner-ca  that  nr  static  arid  wind  tur.no  i  tostir.£  bo  torpor  tea  lr  ad- 

ditlo.n  to  theoretical  research  on  the  performance  and  stability  of  ducted 
propellers. 
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PALO  ALTO,  CALIFORNIA 


TWO  DUCTED 

PROPELLER 

MOUNTED  AT  TIP  OF  STRAIGHT  WING 

mz 

DRAWN 

DATE  to  i8  ss  DRAW,N0  NO- 

APPVD 

DATE 

FIGURE  1 
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FA  10  ALTO,  CALIFORNIA 


TWO  DUCTED  PROPELLER 
MOUNTED  ON  FUSELAGE  BETWEEN  TWO  WINGS 


FIGURE  2 
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PALO  ALTO,  CALIFORNIA 


"HREE  ducted  propeller 

BUILT  IN 

DELTA  WING 

SCALE 

DRAWN  O.L  COLEMAN 

QATC  10 -18 -'56 

ORA  WIND  NO. 

NONE 

APPVo 

DATE 

FIGURE  3 
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PALO  ALTO,  CALIFORNIA 


TWO  DUCTED  PROPELLER 
MOUNTED  ON  FUSELAGE 


SCALE 

DRAWN  / 

MT10  -  IS  5"6 

DRAW1NO  NO. 

NONE 

APPV*D 

DATE 

FIGURE  b 
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FOUR  DUCTED  PROPELLER 
MPT  'NT  ED  ON  FUSELAGE 

SCALE  I  DRAWN  (date  ‘p  *>  f  I  ORAWINO  NO. 


FIGURE  5 
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FIGURE  6:  HORSEPOWER  REQUIRED  FOR  HOVERING  ♦  20*  FOR  CLIMB 
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FIGURE  8: 


HORSEPOWER  REQUIRED  FOR  LEVEL  MIGHT;  TILTING  DUCT 
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FIGURE  13:  DUCT  EXIT  TO  FREE  STREAM  VELOCITY 

RATIO  FOR  TILTING  DUCTS  +  RESIDUAL  THRUST 
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FIGURE  15:  HORSEPOWER  REQUIRED  FOR  LEVEL  FLIGHT j  TILTING  DUCTS  ♦  RESIDUAL  THRUST 
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FIGURE  16:  OPTIMUM  WEIGHT  LIFTER  MAXIMUM  LEVEL  FLIGHT  VELOCITY 
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Propeller  DlA*et«r,  ft 
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*  150  lb/ft2 


WQ  x  10"3,  lb 


PIOURE  17:  REQUIRED  PROPELLER  DIAMETER 
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FIGURE  20 
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-■■■■  2  iWct,  no  wing 

- U  Dact,  no  wing 

—  —  2  Duct,  vlngllp 


FIQURE  22: 


Rp  AVAILABLE  FOR  VARIOUS  AIRCRAFT  CONFIGURATIONS; 
EFFECTIVE  DISK  LOADING  -  50  lb/ft2 
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Duct,  wing 
Duel,  no  wl r.p 
Lip 


hO  6U  80  100  120  1U0  ISO 

W  x  10*  ,  lb 

FIGURE  23:  R^,  AVAILABLE  FOR  VARIOUS  AIRCRAFT  CONFIGURATIONS; 

EFFECTIVE  DISK  LOADING  100  It/ft/ 
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—  2  Duct,  no  ¥lng 

- L  Duct,  no  win# 

-  2  Duct,  wln^tip 


1 


{0  60  80  100 


120  lJiO  160 


W.  x  10 

li 


lb 


FIGURE  21k 


Rj,  AVAILABLE  FOR  VARIOUS  AIRCRAFT  CONFIGURATIONS; 
EFFECTIVE  DISK  LOADING  =  150  lb/ftfc 
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- 2  Duel,  no  win* 

—  -  u  X ci,  no  wing 
- t  I/uct,  wir^tip 


FIGURE  25:  Rp  AVAILABLE'  FOR  VARIOUS  AIRCRAFT  CON?  DURATIONS* 
EFFKCTIVE  DISK  LOADING  200  lb/ft2 
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PROPELLER  PITCHING  MOMENT  COEFFI 
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